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Raise High the Solar Greenhouse, Carpenter *' 



Place your hand in the sun 

like an oak length of beam', 

turn your 'wrist until' the ^)pts 

of*the pulp deliver muscle 

and sap to. the garden roof-. 

Walk the property line 

like a child, swaggering and sure, - 

marking with your toe the axis 

which is as' flush as equator heat. 

Raise your a/msVverhead . *- 

like a sextant 

-9. 

bringing do^n the heavensin an arc 
making an A with your hands 
and imagine what green will sprout 
from that blessed, plot. 



4 



Table of Contents 



. Acknowledgments 



Introduction 



PART I Designing the Solar Greenhouse 

Chapter One: Climate Control — David J. 

MacKinnon 

Climate Control ^Techniques : . . . . 

Natural Climate Control . . > 

' A- Orientation 

B. . Windbreaks *. . , 

C. Mulches . . . 

D. Shade 

ArtificiaLCjimatef Control 

A. Commercial Greenhouses- . , ... 

B. Home Greenhouses and Cold 

Frames 

What Is a Solar Greenhouse? 



. 1 

2 
2 

2 
3 

. 3 
3 

4 

4.. 

"5 

.5 



Chapter Two : The Greenhouse as a Solar 
Collector — Conrad 
Heeschen * . . . . , 

Solar Radiation • 

Sun Path Diagrams 

The Sky Dome . . . 

Shape of the Greenhouse . . . 

North-Facing Roofs ...... 



x The Importance of the Angle of 

Incidence I . 14 

xi The Sduth-Eacing woof 1.6_ 

.TJbe-Seutli-Facing Roof : Finding the Best 

> - Slope . . ._. 17 

Optimizing the South Slope for Other "" 

Seasqns 21 

Regional Clearness Factors , . . . 21 

Slope* of the Rear Wall ' 21 

Extreme Roof Slopes: Problems . > 2-3 

Orientation of the Greenhouse „ 23 

End- Wall Glazing . 26 

External Reflection ? . 29 

Effect of Greenhouse Thermal Improve- 
ments on/Solar Radiation Received. ... 29 

Attached Greenhouses 31 

•'Surrim^^"t5teernSouse--©esign Process \ 

foi? Solar Energy : .;. . 33 

,o , .... ' " ' " '' ' 

• - 

Chapter Three: Keeping\the Heat in the J 
. Greenhouse — Conrad 

Heeschen f 36 

Heaf Losses through the Glazing « 37 i 

7 The "Greenhouse Effect" . .... ■ 38 

7 Convection and Infiltration ; . .". . . 39 

10 Heat Losses through Opaque Surfaces. ... 41 

10 Heat Loss to tht Ground v ,- 42 v 

13 "Reducing Greenhouse Heat Losses through 

14 Glazing ,'. ,.. . ...... 44 



'VI 



TABLE OF CONTENTS "- ■ 

Movable Nighttime Insulation 46 

Reducing Conduction Heat Losses through- 
Opaque. Surf aces . . . . 50 

Earth as Insulation ■ • 5° 

Reducing the Temperature Difference 

between Inside and Outside 51 

Reducing Infiltration and Ventilation Heat 

Losses ■' 51 

Air Lock . ■. m - .......... . ■ 53 

Surface to .Volume Ratios 54 . 

Summary ■ •. 55 

Chapter Four: Glazing — 

Leandre Poisson 

DavicTJ. MacKinnon .... 59 

Single Layers 58 

A. Maximization of Solar Trans- 

mission*'.— • 58 

B. Minimization of Infrared Radia- 

tion Transmission 59 

C. Minimization of Energy Trans- ' 

rnitted from the Heated Air. » -60 

D. Weatherability 60 

E. Resistance to Stress (Fracture and 

Tear) and Abrasion 60 

. . , F. Low Cost 61 

G. Ease of Installation and Low 

Maintenance 62 

Rating of Glazings^.. . ., • • • ■ 65 

Multiple' Layers '.(. ■ ... • • • 65 

Some RegionaLXjansiderations Concerning 

Glazing Ivfaterials 67 

A. Hrfil Damage 67 

B. Ultraviolet Degradation ...... 6' 

C. Thermal Cycling through Tern- /. 

perature Extremes ..'.....-..•/ 68 

Chapter Five: Heat Storage— David J. 

i MacKinnon . . . . ,.69 

Introduction 69 



HeaK Storage *in the Ground and' Water, 
Pools .. ... ............ s . ... :-. ._. . . . 

Heat Storage in Walls ........ .V. I . : . 

5 5 -Gallon Drums' . j ........ . ... . . . r \ 

Small Water Containers, 

Container Wallsnmder Raised Beds . . . ; , 

' ' ■ ' -, fi " ' 

Masonry Materials 

Comparison, of Relative Efficiencies "Of* 
Solar Heat Absorption for Water (Con- 
tamer) and Masonry W^lls. i. . . 

Other Materials for Heat-Storing Walls. . 

Collecting and Storing Hot Air \ . '. ,< .; . . 

Heat. Collected and Stored Oulsicje. the 
Greenhouse .», .'. .- . .. . .'. . 

General. Rules of Thumb for HeaiStoring 
Walls within a Greenhouse. . . .1 

Integrating Backup* Heat Systems 
Heat Storage . .... 



with 
• 



vn 



.71 
78 
78 
80 
83 
83 



84, 
86- 
88 

89 

90 

90 



Chapter Six: The Weather .and thel Solar. 
J Greenhouse — David 

MacKinnon 
Winter Design Criteria* 

Sunshine . . 

Temperature * 

Wind 

Humidity . >. 

Spring and Fall Design Criteria. 
Summer Design Criteria ...... 

Chapter Seven: Minimum Qesign Criteria 
for Solar Qreenhouses- 
.David J. MacKinnon . . 




PART II Constructing th^ Solar Green- 
house j 

Chapter Eight: The Freestanding Green- 
house — Jack Ruttle. .... 
The Brace Design !. 



Vlli 



Historical Designs 
Contemporary Designs . . 
David MacKinnon — Flagstaff, Arizona— 

35° North Latitude 

Bill- and Marsha Mackie — McMinnvllle, 
^Oregon— 45° North Latitude... 
New Alchemy -Institute— Falmouth (Cape 
Cod), . Massachusetts— |4l-5 ° North 

Latitude . : . . ..." .'" 

New Organic Gardening Experfmental ' 
" Farm-r-Maxatawny„ Pennsylvania — 40° 
North Latitude 1 . . ; ... . I. ........ . 

Pragtree Farm — Seattle, Wajshlngton — 48° 
: North Latitude .-. 
- Ed McDougall^Bellp'ort a (Long Island),- 
New York — 41° North Latitude ..... 

o . Center for , Ecological Technology — Pitts- 
field,. Massachusetts— 42:k° North Lati- 

. tude + . : .» j. . 

Ernie O'Byrne— Noti, Oregqp— 44° ■ 

North Latitude j, . 

Future Refinements, 



125, 
125 

126 

136. 

142 

147° 

156 

159 

164 

1°68 
172 



Chapter Nine : The*- Attached Greenhouse „ > 

■ — James B. DeKorne .... 175 

Constructing an Attached Greenhouse J.. 177 
Attached Greenhouses: Regional 

Exarqples > . . 182 

Attached-Pit Greenhouse . 190 

Attached Greenhouse as a Heat Source,. . 198 
Food Production in an Attached Green- 
house ! . . 201 

i 

■ . [ ■ 

Chapter* Ten: The Pit Greenhouse — 

James B. DeKorne , 204 

Construction of a Pit 'Greenhouse I 204 

Thermal Efficiency 209 



Table of contents 



Chapter ,Eleven f Solar Cold Frames_and 
Other Season Extenders 
— Lean,di:e Poisson . . 

Construction^ the Solar ^od 

■ The Solar Frames.*.... 



A. 
B. 

C 
D. 

1 E. 

G. 

h: 



Configurat 
The Glazed Shutter 
Insulating the Frame -.^ 

Thermal" Mass ' . . 

v Construction of the Solar " 

Fqime *. ;• 

Constructing the Flip Shutter 
Hinging the Flip Shutter . . . . 
Insulating- the Shutter 



2L4 
219 
220 

221 
221* 
223 
223 ' 

223 
■224 
-226 
228 



PXRT HI Managing the" Solar Green- 

" house 

i " ' ' ' '■ 

Chapter Twelve: "Growing Basics — 

* " John .White . ^. ..... . 

Light Energy for Plant Growth 

Temperature ........... T: .. . 

Atmosphere 

Ventilation • . . ? 4 . . . . . .- r9 . . 

Irrigation . °°. .....<?. *. ....... 

Containers f 

Growing Media 

Essential Mineral Nutrients 

A. Nitrogen 

B. Phosphorus 

C. Potassium . 

D. Sulfur . . J . .i 

E. Calcium 

F. Magnesium . : 

Insects and Disease . . . .i 

Identification and Control of Insects and 

Animals 

General Control Methods 



233 
233 
257 
245 
25.0 
252 

25^ 
255~ 

257 

258 ' 

259 

259 

259 

260 

260 

260. 

261 
262 



TAB i. I OF CONTHNTS 

Chapter Thirteen': ' Crops for 'the Solar 

Greenhouse — 
• „ John White ....... 

Bean *....."... 

Bed , , 

Carrot' . ." , 

Chard . : . . . 

Cole Crop {Brawna Species' or Cabbage- 

Family) . . . ? % : 

Cucumber * , ,. . . . T 

Eggplant .■ '*.> 

Lettuce ■■■■'■'(, • ■ 

Onion > . . , . 

Peas '. 

Pepper . . / , 

Radish- . . : 

Spinach . . .-. - 

-Strawberry ' . . .* ,. 

Tomato"' ;. •. . . ...... 

Cold-Hardy Salad- Greens Flowers, and* 
J Herbs V :.. . . ., .". . , 

. if, 

Chapter Fourteen: Solar Greenhouse Gar-' 
, dening: . Regional Re- 
ports 

Crop Production in the Integrated Green- 
house Wild Rose, Wisconsih ( David 
Kruschkc, Karen Funk) 

A". Tomatoes 

1. Continued Productivity .. 

2. Pollination 

3. Fertilization and 

Soil pH 

4. Garden Pests. and Other 
Problems 

B. The Economic Role that Plants 

Play 



IX 

I The Solar Greenhouse as Season Extender 
' Clementsville, Nova Scotia (George and 

2o.t Pamela de'Alth ) . „ \\ 286 

2 n () Composting ! in a Solar Greenhouse for 

2 7 1 (XT and Heat 'Illinois and Eugene, 

it • . o • 

27 1 Oregon (Dan Knapp) 287 

2 7 2 Frost Protection ..... 288 

Ctfew Directions v . 290 

--"7 2 - ■■■ 

2 ' i ( onclusion 29 r 

27-| » 

27. j Appendix I Automatic Vent Openers 
2 7 s ). ' , , Which Do Not Require 

276 ' - Electric Power for 

2 7 6. ' ; Operation . 295 

Appendix II Sources for Conductivity 

- 7(> •> . " and pH Meters : 296 

1 7 7 . 

" Appendix III Estimating Greenhouse 
" : . • Heat Loss - 

8 f 

• ' Conrad Hecschen 297 

279 *' - ' 

Appendix'^ IV How Much Energy Gets 
into Your Greenliou.se 
Conrad Heeschen .... 2 300 

283 .Appendix V Sun Charts 302 

Appendix VI Assessment of Commer- 
cial Glazing Materials — 
283 W. Douglas Davis 30-1 

- K 1 Appendix VII Metric Conversion ■ 

2H5 Chart 1I6 

285 Appendix V-Ul Selected Greenhouse 

Vegetable Varieties .... 317 

285 

Bibliography 7 18 

285 

Contributors 321 

286 Index \ .... 323 



Acknowledgments 



\ 



The SoLtr Greenhouse Book represents the work 
of many people, both in America and Canada, 
who see the greenhouse as an appropriate tech- 
nology device which can furnish both food^.and 
heat. This book would not have been com- 
pleted without them. 

My special thanks to the contributors, to Jack 
Ruttle for his editorial assistance, arid to Herb 
Wade for his technical advice. 

I am grateful to the nlany solar greenhouse 
operators throughout the country who .generously 
shared their experiences and their findings with 
us, to W. Doug Davis who prepared "Some 
Regional Considerations Concerning Glazing 
Materials" (in Chapter Four) and Appendix I, 
to ~David Kruschke, Karen Funk, George arid 
Pamela de Alth, and Dan Knapp wliq supplied 
information for Chapter Fourteen, to Diane 



Matthews and Bob Flower w/ho recorded the 
M&xatawny, Pennsylvania, greenhouse experi- 
ence, to* ACCESS Projects (University. of Wis-^ 
consin School of Architecture) for information 
on solar greenhouse developrnents in Milwaukee, 
to Greg Mackie for his insights concerning- 
greenhouse construction in the Southwest and 
to T. L. Gettings and John Hafhil of tne Rodale 
.Photo Lab.' And my thanks to Melvin Goldberg 
of Practical Solar Heat for use of a multipoint 
recording thermometer in the Maxatawny green- 
house. 

Quoted material has been reproduced, by 
special permission of MIT Press, Cambridge, 
Massachusetts, from The Glass House by John 
Hix, 197.4, 

James C. McCullagh 



Acknowledgments 



\ 



The SoLtr Greenhouse Book represents the work 
of many people, both in America and Canada, 
who see the greenhouse as an appropriate tech- 
nology device which can furnish both food^.and 
heat. This book would not have been com- 
pleted without them. 

My special thanks to the contributors, to Jack 
Ruttle for his editorial assistance, arid to Herb 
Wade for his technical advice. 

I am grateful to the nlany solar greenhouse 
operators throughout the country who .generously 
shared their experiences and their findings with 
us, to W. Doug Davis who prepared "Some 
Regional Considerations Concerning Glazing 
Materials" (in Chapter Four) and Appendix I, 
to ~David Kruschke, Karen Funk, George arid 
Pamela de Alth, and Dan Knapp wliq supplied 
information for Chapter Fourteen, to Diane 



Matthews and Bob Flower w/ho recorded the 
M&xatawny, Pennsylvania, greenhouse experi- 
ence, to* ACCESS Projects (University. of Wis-^ 
consin School of Architecture) for information 
on solar greenhouse developrnents in Milwaukee, 
to Greg Mackie for his insights concerning- 
greenhouse construction in the Southwest and 
to T. L. Gettings and John Hafhil of tne Rodale 
.Photo Lab.' And my thanks to Melvin Goldberg 
of Practical Solar Heat for use of a multipoint 
recording thermometer in the Maxatawny green- 
house. 

Quoted material has been reproduced, by 
special permission of MIT Press, Cambridge, 
Massachusetts, from The Glass House by John 
Hix, 197.4, 

James C. McCullagh 



Introduction 



The solar greenhouse occupies a point where 
' high andflow technology intersect; where formal 
research has applications to low-technology- 
living-. *. 

The solar greenhouse is an appropriate-tech- 
nology tool which can be geared to the needs of 
people in rural, urban, And suburban areas. 

The solar greenhouse is an exciting "growth 
chamber" which offers more than hope for ex- 
tending the growing season; it offers the real 
possibility of year-round growth. 

And the attached greenhouse, which is sVirely 
one of the least-costly and most-efficient solar 
collectors "on the marljet" today, can supply 
approximately 50 percent" of a home's heat 
requirement— and more if nighttime .shutters 
are installed. 

The interest in solar greenhouses corn-as at a 
time when the energy used in food production — 
approximately 16 percent— is increasing faster 
than energy used in other sections of the econ- 
omy. According to David Pimentel of Cornell 
University , the one-pound can of sweet 'corn is a 
good" example of how energy-intensive our food 
production has become. "The one-pound can 
contains about 375 kilocalories of^food energy. 
But its production requires about 450 kilo- 
calories of fossil energy for planting, cultivating, 
fertilizing, and harvesting, and an additional 



1,760 'kilocalories to can it, and about 800 kilo- * 
calories to bring it home, via the family car, to 
the consumer." 

•The interest in solar greenhouses comes* at a 
time when the nation is experiencing the 
vagai^s of climate: severe winters in the North- 
east and Midwest; prolonged dry spells in the , 
West and Southwest. And the effects of severe 
winter weather are borne by the'eommercial 
houses and, in turn, by the consumer. ' T * 

And the interest in the, solar greenhouse comes 
at a time when 60 percent of the fresh vegetables r 
consumed in the country are grown in California- 
and Florida. Q , 

It has been in this "climate" that The 3olar\ 
Greenhouse Book has been written. 

The Solar Greenhouse Book is a modest, 
attempt to marry the fine work of formal 
researchers with the fine work of many informal, 
"backyard" researchers. And there is "a. ..sur- 
prising convergence of ideas. For example, it is 
not unusual for a "backyard" researcher to arrive 
at the same solar-greenhouse design principles 
as a formal researcher but by a different route. 

The reader will note a proliferation of I's" 
in the text, representing the various contributors 
who* have been actively .engaged in some phase of 
solar greenhouse or solar cold-frame work. . 
Thus, the contributors (as well as the other 
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voices you will hear throughout the text), 
speak out of their personal experiences. 

"The first jaart of the book explores all essen- 
tial design features of the solar greenhouse, 
including the collector, insulation, storage, 
glazing, and weather. This part concludes with 
recommendations for minimum design criteria 
for glazing, night curtains, perimeter insulation, 
R-value of interior insulation, and water storage 
for ail sections' of the country. 

But the first part is the background music 
against which the rest of the book is played- 
The chapters • on freestanding greenhouses, 
aftfached greenhouses, pit greenhouses, and solar 
cold .frames; not only provide construction 
details, .but also provide numerous examples of 
structures from diverse regions of the country 
with emphasis on significant design detail. For 
example, on a "porch" greenhouse in Milwaukee, 
perhaps the night shutters are of interest. (Or, in 
a greenhouse in Occidental, California, perhaps 
the sauna attachment to the greenhouse is note- 
worthy. , 



However, the book moves throughout towards 
the essence of the solar greenhouse: plant pro- 
duction. The? subject is treated generously in 
Part II within the context of specific^ green- 
houses. In Part III vegetable production in the 
solar greenhouse is explored in detail with 
special attention to CQ 2 , humidity, and com- 
po'sting methods. Furthermore, this part in- 
cludes firsthand report^ ' gardeners in 
various sections "of the country whrj -report their 
growing experiences in the solar greenhouse. 
■ Interestingly; many of.' the greenhouses fea- 
tured in Th'e Solar Greenhouse Book successfully 
grew- plants during one of the severest winters in 
memory, providing convincing evidence that the. 
solar greeh house' does indeed work. 

A major theme of this work is that'4here is a 
solar • greenhouse /for < every home, for every 
climate, for every need. For the open/field, the 
garden, the center-city rooftop; attached to the 
3 house, a garage, a toolshed, a barn^a porch; at 
schools, hospitals, retirement horriesA ... 
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Chapter One 

Climate Control 

r " 
i 

David J. MacKinno|i 



CfflFhate control refers to actions which change 
and/or maintain the climate at a, state different 
from its natural (uncontrolled) state. The meth- 
ods for achieving climate control depend on the 
results desired and the resources and technology 
available. Indeed, climate control is at the very 
heart of man's struggle for survival. ^ ■ 

Climate controls the bounty of the plant 
•.■world, -which in turn, controls the migration, 
behavior, and population regimes of the animal 
world. Primitive man largely adapted and 
no urishe d according to these • same patterns. 
Eventually, a more refined application of tire, 
shelter, nnd of food production and storage 
began to reduce man's nomadic dependences. 
With the domestication of stock and the develop- 
ment of held agriculture, generations 'could be 
born and buried on the same ground. Yet, man 
was not freed from the vagaries' of clirnatic 
change: drought and;flood, heat and -cold, often 
created severe hardships on an otherwise toler- 
able e^x-ist-enee. 

Modern man has coupled energy and tech- 
nology to provide small-scale climate control. A 
central-air heating system has replaced the simple 
wood fire'; a refrigerator-freezer now serves as^a 
year-round snowbank. In spite of all these great 
achievements in personal comfort, relatively few 



advances have been realized in climate control 
for field agriculture. The reason is simple: field 
agriculture is just too extensive. The great grain, 
fruit, and vegetable fields which collect the sun's 
energy and fuel the organic engines of land- 
based mammals are still at the mercy of the 
climate. 

bertihzers.pesticides, and mechanization have 
dramatically increased field-crop productivity. 
Yet, world populations have increased almost in 
' proportion to the productivity, thus limiting food 
reserves. Furthermore, evidence shows the 
energy-intensive countries are now nearing the 
limit of field-crop production within the con- 
straints of the natural climate. Small wonder 
that experts feel climate is the single greatest 
factor determining world agricultural produc- 
tivity. Population, climate, and now,, the energy 
crisis, have' placed man in triple jeopardy, a 
Pandora's box which can remain closed only by 
change. ,. ,. 

Signs of change are beginning to surface at 
many levels. Alternative sources of energy and 
energy conservation have become a national con- 
cern. Climate control for shelter and food pro- 
duction, requiring low energy and resource 
input, is catching the interest of modern societies, 
not nou- so much as a means for a new life-style, 
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but as a hedge against economic bankruptcy... 
Ea'rly indications are that the nonrenewable" 
energy needs for shelter can be significantly re- 
duced by solar and energy conservation tech- 
nology. Unfortunately, outside, of large-scale 
weather control (a very distant reality whose side 
effects cannot even be imagined), open-field, 
-agriculture appeaTS"iie^e'd~f"oTlifEte change! On 
the smaller.7scale, however, many climate-control 
techniques, both old and new, indicate that man 
will be able to grow food year-round "at the 
.community and individual level throughout 
diverse climatic regimes. 



Climate Control Techniques 

It is almost impossible to specify just what is 
and wlfat is not climate control. For example, 
one might expect irrigation to be used only for a 
plant's water and nutrient needs. Yet i irrigation 
has been successfully used many years on 
otherwise well-watered plants to provide frost 
control during the spring and fall, and coofmg 
during the summer. So it is 'that almost any- 
thing, including the growth of plants themselves, 
can modify the plant environment, and if the 
modification is beneficial, it is often called, as if 
by magic, climate control.- ~ 

— "The "distinction between a natural or an 

artificial control generally will refer to whether 
natural or man-made technologies and materials 
are used to achieve the' results. Such distinctions 
are sometimes academic: a row of trees versus a 
fence, for a windbreak. Nevertheless, this dis- 
tinction is useful for.showing that most artificial 
controls are just more elaborate energy and^ 
resource consumptive forms of ' their natural 
counterparts. , - 



, , T HE SO LAR GREENHOUSE ' BOOK 

Natural Climate Control 

Orientation 
*• 

Proper loca/ion and orientation of homes and 
fields are not so much a climatic control as an 
adaptation. , 

The ancient Indian communities of the south- 
western United States adapted themselves, quite 
well to climatic extremes. Only recently! have 
l^ejitists come to appreciate the superior design 
of the Indian cliff dwellings. Even though 
the cliff dwelling is suspected to be primarily 
defensive, the prevalence of southerly oriented 
locations indicates the ancients appreciated selar 
energy. Many qf these dwellings not j©nly 
received direct sun during the winter, but also 
were shaded in the summer by the rock over- 
hangs under which they were^ built. These 
principles alone, essentially dictate. the design 
criteria for modern solar greenhouses and other 
Simplified solar technologies. „, . -' 

Since water was .(and--- "still is) severely re 1 -" 
stricted in the Southwest, the Indians usually 
planted in or near natural drainages where sub- 
"surface water supplied the crop. In addition, 
those localities which were open to the spring 
and fall sun, next to cliff walls to the north, 
~and perhaps slightly up on the slope out of the 
natural water channel, seemed to remain frost 
free longer than other localities. These zones, 
perhaps discovered through trial and error, 
became favored planting localities. These 
favored zones incorporate a number of very im- 
portant climatic factors. 

First, localities open to the spring and fall 
sun can support a longer active growth season if 
temperatures rema'in sufficiently high. Second, 
localities next to south-facing cliff walls receive 
additional heating during the day and experience 
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■reduced heat losses -at night compared to: more B. Windbreaks , , 

operulocalities.' Third, cooling air on a sloping The w^b,-^ is frequently used in the Midwest 
surface flows away like water from the plant site ^here dry winds reduce crop productivity. Rows 
along the actual water drainages, collecting in^ ;of trees " sla t f en ces, walls, and tall grasses can 
the valleys below. The cold air from the plant}; often be seen separat i n g fields. While benefits, 
site is continually replaced by\ warmer air above. fange from i ns ig n i ncant t0 spectacular; the 



The result is often spectacularly- warm tempera- 
tures on the sloping plant site with frosts in the 
flats and valleys. 

TJie modern-day ancestors of these ancients 
(Hopi, Zuni, to name a few) still practice plant- 
ing ii\ favored zones. Furthermore, the prin- 
ciples Vtnderlying. these ancient climate coa st s 
(adaptions) are used in modern agriculture: 
orchards\are planted on hillsides above' drain- 
ages; largaorchard fans mix cooling air near the 
ground wiwi warm afr above; plants next to 
south-facingVvalls remain frost free longer than 
plants on operysites. Indeed, mo'st of the modern 
climate-control -.techniques are just modifications 
or improvements of principles discovered long 



majority of reports show positive results. One 
report has shown that two rows of corn wind- 
Ibreaks spaced at 45 feet protected ,in irrigated 
sugar beet crop at Scottsbluff, Nebraska. The 
Jesuits indicated a 2 5 -percent increase during 
;ars when yields from unprotected fields wer? 
"low, but no difference during high-yield' years. 

^ ^ C. Mulches 

Soil coverings such as ashes, straw, and other 
plant fibers have been used by' ma'ny different 
cultures to improve the clhmate near the plant. 
Mulphes are, often more effective for achieving 
higher production during the normal growing 
season th&n extending the growing season by 
South-facing slopes are not -alwiys ideally ■ yfrost protection. Yet mulch piled over garden 
matched to the crop. Recent research ^jaeaf* 



ago. 



Morgantown, West Virginia, has shown that 
Kentucky bluegrass yields from north-facing 
slopes are more than twice that from south- 
facing slopes. The lower soil temperature and 
higher soil moisture on the north-facing slopes 
are so optimum for growth that fertilization 
made no difference. With this knowledge a 
grower could improve his crop productivity. 
First, he could maintain a sustained yield of 
bluegrass*' without fertilization on the north 
slopes, and second, he could plant a different 
crop, more adaptable to heat and dryness, on the 
' south slopes. Examples similar to this indicate a 
careful matching of the small-scale climate with 
plant needs is very important .for open-field 
agriculture. 



plants before a frost epoch can.be very effective. 
There is evidence, that- the ancient Indians near 
Flagstaff, Arizona, used " naturally occurring 
volcanic ash to help rnaintain soil moisture- in 
cornfields. 



D. Shade , 

Many crops in tropical cliniates are grown under 
the shade of. a tree canopy (e.g., coffee under 
banana trees); in the United States tobacco is 
grown under shade cloth. Shade not only re- 
duces plant temperatures but also improves 
humidity levels. This simple and ' inexpensive 
climate control has shown productivity improve- 
ments in soybeans, mustard, lettuce, radishes, 
potatoes, and cotton. 



Artificial Climate Control 

In his efforts to prolong the growing season, 
modern man has resorted to a vatiqty of cl-imate- 
control techniques, including: Tunnels and 
mulches, fog and smoke, foam blankets, and so 
on. But perhaps the most well-kn6wn and 
intensely studied man-made climate-control sys- 
tem is the greenhouse. 

A perfect plant-growing environment can be 
maintained year-round 'in a greenhouse, and all 
it costs is sufficient i_jor and energy. It is these 
last two factors, labor and energy, that have 
recently cast a shadow on commercial-greenhouse 
development, but may very well pave the way for 
greenhouse, enterprise at the small .community 
and individual level. 

' A. Commercial Greenhouses 

Productivity from' commercia^ greenhouses can' 
be spectacular. Hydrocultutfe of Phoenix, 
'Arizona', using methods piloted by the Environ- 
mental Research Laboratory in Tucson; Arizona, 
claims the following: ( , 

j, ' 

1. tomato production of .120 tons per acre 
annually ■• \ 

2. lettuce production per' acre 30 times 
greater than field crops 

3. 11,700 gallons of water to produce 1 ton 
• of greenhouse tomatoes compared td 

162, 5Q0 gallons for 1 ton of field tomatoes 

4. a stacked-tray growth chamber requiring 
dhly 1.3 square feet of floor space to pro- 
duce each ron of "sprouted" livestock feed 

, annually, requiring only 1 percent of the 
water needed for full-field plant growth. 

Even less elaborately run greenhouses show 
similar productivity. The fielcj and greenhouse 
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tomato yields per acre for New York in 1973 
were 9.8 and 96 tons, respectively. Nonetheless, 
the phenomenal difference between greenhouse 
and field productivity i; not achieved without -a 
price. The energy used to maintain environ- 
mental control and the labor required for 
planting, maintenance, and harvesting in a green- 
house is staggering. In 1973, New York. green- 
houses required 1.00 times more fuel oil 'to 
produce a ton of tomatoes than field crops. It 
can be shown that this energy use in production, 
adds only %^ per pound 1 to field tomatoes, but 
may add from 5 to 10^ or more per pound tq 
greenhouse tomatoes. Such differences as these 
make greenhouse produce competitive only On 
the jDff -season when high prices can be charged. 

Both field and greenhouse agriculture generate, 
high labor costs. (Field a^fTculturdl is slightly 
lower 1 . ) The average Ohio greerThouse grower in . 
1972 spent .30 percent of his operating costs on 
hired labor. Over 40 percent of Hydrocultufe 
of Arizona's operating cost is labor. 

So it isNthat comm ercial gr eerihmisgs^ are riding, 
on the th'in edge of bankruptcy." LabJr and 
energy deminds have forced greenhouses ekher 
out of business . or to a more profitable crop/such 
as flowers. . '< ' / \ 

The Energy Research and Development. 
Agency In Washington,, D.C., and otfyer agencies 
are developing more economical /systems for 
existing » greenhouses. These /include^ design 
modifications/extra insulation^ solar heating of 
various elaborate type^-an'ci so on . . ' . alFVith 
alternative-energy sources and energy conserva- 
tion in mind. Machines and new labor tech- x 
niques are being developed to increase labor 
productivity as well. For example, a new method 
for supporting plants in greenhouses has reduced 
labor for this activity by 66 percent. Whether 
commercial-greenhouse Vegetable production 
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survives, evef^with massive energy and labor re- 
duction, remains to be seen. 
V. Home Greenhouses and Cold Frames 

*The climate-control techniques previously de- 
scribed have application primarily on the com- 
mercial scale. Undoubtedly, research efforts in 
• liis area are meant to ensure that tlae -patterns o t 
large-scale agribusiness'remains unchanged. The 
vegetables will' still be purchased at the store, 
ibjeet to unkown quality control, high trans: 
portation costs,, seasonal availability, and ever- 
increasing costs. Certain levels of society are 
concerned about these prospects "and are be- 
ginning to, develop "partial solutions. 

Numerous individuals and research groups 
throughout the .United States are showing that 
environmental control using simple technologies 
can be implemented by homeowner^ and com- 
munities. Among these are the so-called solar 
greenhouse and similar devices, such as solar 
.cold frames. • 



What Is a "Solar Greenhouse? 

The term solar greenhouse generally refers to | 
greenhouses whose heating and light require- ' 
ments are largely provided by the sun. Cer- 
tainly all greenhouses receive most of their light 1 
from the sun, but, until recently; not many were' 
designed to use the sun for heating as well. In 
this connection, "most, solar greenhouses collect 
and store solar energy for heating, and are 
insulated to retain- this heat for use at night and 
during periods of cloudy days. It is p'erhaps 
these last characteristics that separate the solar 
greenhouse from the conventional glasshouse. In 
light of these distinctions a more 4 appropriate 
term for the solar greenhouse might be "solar- 



heated, energy-conserving" greenhouse- in order 
to focus 'first on- the change from conventional to • 
solar heating, and second,, to. emphasize the con- 
servation of the available^ energy. 

Solar greenhouses can be f designed to collect 
and store solar energy in^rnany ways, and 
perhaps these design features become- the prime 
distinction among types of solar greenhouses. 
The type of solar collection-storage system' used 
deperyds on many factors: climate, orientation, 
greenhouse size, economics, and whether the 
structure exists or is planned. For example, the 
southwestern United States has sufficient sunlight 
so that the inkridr of a properly designed solar 
greenhouse alone can collectand store sufficient 
solar energy for its heating needs. On the other- 
hand, the northeastern United States may require 
supplements. &f "externally collected solar heat' 
or conventional heating. 

Using the current terminology, solar collec- 
tion-storage systems can be divided into two 
main types; .passive and active. A passive system 
collects energy at one point, transports and stores 
7i at another, and delivers it for use at again 
another," biifrecfitires no conventional energy to 
transport the solar , energy' fronl collector to 
"storage find from storage to point of need. Such 
systems typically used in a solar greenhouse 
include xock walls, water containers^ 'water pools 
open to direct-sun heating. oThese systems col- 
lect, store, and deliver solar heat directly, and 
the collector, storage, and delivery system are 
one and the same. ,. ^ 

Another form of passive system uses solar 
collectors external to and below the greenhouse 
structure. Heat is provided from the collector 
to storage or directly to the interior by natural 
circulation. (Heated air or water from the collec- 
tor tends to rise naturally from the collector into 
the greenhouse or storage.) // at any point in 
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the collection? storage, and delivery system 
supplementary energy {electric fan or water 
p/imp) is used for solar-energy transport, then 
that portion of the system becomes active. There 
are many combinations of active jind passiv e sys- 
tems which can .be- used together or indepen- 
dently, not to mention the -integration of supple- 
mentary conventional heating, to meet 'heating 
needs. These features will be discussed in more 
detail in later chapters. 

In addition .to the combination of active/ 
passive systems, there are even more -variations of 
greenhouse design. No attempt will be made 
to(classify greenhouses^ 1 according to design. 

One type of solar greenhouse should be men- 
tioned separatply. Instead of standing by itself 
in a field or yjard (freestanding) a solar green- 
house can be built onto; a house (house-attached) . 
Vents can also be provided in a common wall, or 
the greenhouse may be built over existing door- 
ways or windows," so that the house and green- 
house freely exchange air. This rather unique 
relationship between house and greenhouse re- 
duces the heed for the greenhouse to store its 
own heat. A well-designed/ house-attached 
greenhouse can deliver more heat to the house 
during the day than the house returns' at night. 

The most immediate and obvious advantage 
provided by a solar greenhouse is the extended 
or year-round growing season at a much lower 
operating cost than conventional units. Depend- 
ing on the climate, solar greenhouses can operate 
without conventional: energy supplements, or 
when conventional energy is needed, amounts 
used will be far less than required by standard 



glasshouses. In every other respect, the advan- 
tages of the solar greenhouse are simliar to-the 
■conventional greenhouse. 

The solar greenhouse on the small community 
or h omeowner l evel Jm* -a44irioFi f i l ndvarv Hicgf^ 
They are relatively easy to build, requiring 
simple technology, and low-cost materials. £ach 
owner or community can decide what they want 
to grow and how much, and can be more certain 
of the quality of the food at all stages of. pro- 
t duction. Markup costs from the farmer to the 
warehouse to the store, added costs from crop 
failures, spoilage, and processing, can all be re- 
duced or eliminated by year-round home garden- 
ing. — 

A solar greenhouse whether integrated into < 
the home environn/ient or detached and sur- 
rounded by skyscrapers can also significantly im- 
prove, the physical- and mental environment, 
something that cannot be stamped with a dollar 
sign, but something that is coming rb mean more, 
and morq in this crowded, confused world. 

Perhaps one neglecte"d~^nd--^xjtgntiany valu- 
able advantage is that on the community Tevel> 
the solar greenhouse can provide jvvork and in- 
comes for the unemployed, indigent, and retired. 

.The solar greenhouse is a classic example £>f 
what modern technology should be doing for 
man: bringing him closer to his environment 
instead of separating him from it. The solar 
greenhouse is an encapsulated version of the life 
processes on this planet, and perhaps from thus 
point of view ,man can learn to accept the earth 
^as his solar' greenhouse and become more con- 
cerned with the quality of life about him. 




Chapter Two 

The Greenhouse as a Solar Collector 



Conrad Heeschen 



There is, on the average, enough solar energy in 
the winter to adequately heat a greenhous^fin 
most locations in the United States -and Canada, 
providing the greenhouse, is properly designed 
and built. On a clear day in late January, iibout 
the coldest time of the year, the intensity of 
direct solar radiation is about 29,0 Btu's per square 
foot per hour at noon (at 40° north latitude). 



The Btu 

The Btu, or British thermal unit, is a com- 
monly used measure of heat. Technically it is 
the amount of heat required toj-aise the tem- 
perature' of one pound of water one degree 
Fahrenheit, specifically from 59°F, to 60°F. 
Heat losses., and capacities of furnaces are de- 
scribed in terms of Btu's per hour. The heat 
output of baseboard radiators is given in Btu's 
per foot per hour. Solar energy is measured in 
Btu's per square foot per hour. The heat 
content of different fuels can be expressed in 
Btu's.' For example, one gallon of oil, if 
burned at 70-percent efficiency, will deliver 
about 100,000 Btu, while one kilowatt-hour 
is the equivalent of"3./4l2 Btu. In comparison, 
the maximum intensity of sunlight, at 40° ,N 
latitude, is 306 Btu per square foot per hour. 



Box 



>-l: - The Btu. 



At that intensity enough energy would pass 
through three square feet of a properly oriented 
12' x 16' greenhouse in just one hour to heat 
the air inside from 40° up to 7P°F. The most 
intense light comes during the middle of the day 
but there is some energy available whenever the 
sun is shining. Certainly, on a clear day a well- 
designed solar greenhouse would receive much 
more heat than it needs to maintain proper grow- 
ing temperatures. 

To design your greenhouse you really only 
need to know two more things. This chapter will 
explain how to determine .the amount of solar 
radiation available whete you live and how to 
design your greenhouse to capture most of it. 
Later chapters will tell you Lhow to design to 
keep the heat in for those: cold 3 nights and 
cloudy days, and how long jyou can expect to 
keep it in. ■ • < ; 

Solar Radiation 

Solar radiation is the driving force of the green- 
house; it supplies not only the light necessary 
for plant growth, but also the heat necessary to 
maintain a growing environment. Solar energy 
enters the greenhouse as shortwave radiation, or 
light, but when it is absorbed by the plants and 
other surfaces inside the greenhouse, the light is 
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■ Light 




1. Light passes through glazing. 



2. Light is absorbed by plants, and is changed to heat. 

3. Heat is radiated from plants as long-wave thermal 
radiation. 

■' 4. Some greenjight is reflected. 

Figure 2-1 : ^Jon> greenhouse absorbs heat. =< 

t 

changed to thermal energy, or heat. 

Radiation js the '. process by which heat is 
transferred from one! object to another. You feel 
radiated energy whdn you stand in front of a 
cafnpfire, even if a cbld wind is blowing the fire „ 
faway from you. In jthis case, you know the air 
between you and the! fire is not warmed. In fact',' 
all objects are constantly radiating energy in all 
directions, no matter what their temperature. 
The* hotter an object is, the more radiation it 
'emits. 



Also, the hotter an object the shorter the 
wavelength of the energy that it emits. Thus, 
the sun, which is the hottest body in pur solar 
system, emits radiation at short, wavelengths 
(light) to which our eyes are sensitive, as well 
as even shorter radiation (ultraviolet), some of 
which our skins are sensitive to. On the other 
hand, a hot-water bottle, which is quite cool 
compared to the sun, emits much longer wave- 
lengths of radiation, which we call infrared, or 
thermal radiation. 




Figure 2-2: Radiative beat transfer. 

The heat contributed by the sun is a large part You must balance light requirements against heat 

of the total heat requirements of any green- requirements in your greenhouse. But the prob- 

house, and for a properly designed solar green- lem is complicated by the fact that the daily 

house, it is all the heat necessary. The .light is cycle of light and. darkness does not coincide 

also very important for plant growth, however. with the continual need for heat. And akin to 

U. ••- 




Winter " Summer 

Figure 2-3 : Seasonal 'variation in sun s altitude and in radiation received. 
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the daily cycle, wintertime is'ihe dusk of the year. 
Annually, the long days and high sun angles of 
the summer progress to short "days and low sun 
angles in the winter. We owe these changes and 
our distinct seasons to the earth's rotation and 
to the fact that the earth's axis is tilted 2VA° 
from the plane of' ts orbit. 

Even though the sun does not get very higl> 
in the sky during the winter in the Northern 
Hemisphere, the radiation reaching the earth- on 
a clear day at that time is actually more intense 
than during the summer. This happens because 
the atmosphere is generally less dense at that 
time of the year and because the earth is slightly/ 
closer to the sun»in midwinter. That explains in/ 
part why enough energy is available from the 
sun to heat a greenhouse in winter and why 
steady, though slow, plant'growth is possible. 




+0'N LATITUDE 



Figure 2-4: Solar angles: , 40°N latitude. 
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Sun Path Diagrams 

■ o 

A sun path diagram, which shows you the sun's 
position in graphic form, can help you to under- 
stand, how both the annual and daily cycles of the 
sun influence the design of a greenhouse, 
figure 2-4 illustrates one type of sun path 
diagram. '•'(Just the diagram for 40? north lati- 
tude is shown- here. ) This chart shows you how 
low the sun will get in December, and where and 
when it rises and sets at any time of the year. 
You can see how long the day will be and how 
high the sun will be at any time of year as well. 
It will be useful to you, as you will , see, in 
determining the proper shape and! orientation of 
your greenhouse. Charts for 5 other latitudes are 
available in Appendix V. 



The Sky Dome 

Of course, it is ndt absolutely necessary for. you 
to know the precise position of the sun in order 
to do a good job of designing ycjur greenhouse. 
There i,s a wide range of angles; of roof ^slopes 
and orientations y&ti could give the greenhouse 
which will result in substantially equivalent per- 
formance. All you need is a good understanding 
of the general nature and direction of the radi- 
ation available in order to make reasonable 
choices among the range of possible angles. 

jln order to understand the type" and amount of 
radiation. the greenhouse will receive, it is useful 
to think of the sky as a hemispherical dome with 
the greenhpuse at the center of the flat side. 
Solar . radiation is either direct or diffuse 
(scattered) (see Figure 2-5)." Direct solar radi- 
ation is' that which comes di'rectly from the sun 
and which casts a distinct shadow. On the other 
hand, diffuse radiation has been scattered by the 



THE GREEN HOUSE AS A SOLAR COLLECTOR 




earth's atmosphere or by clouds or the ground 
before it reaches the greenhouse. Even on the 
clearest day, some of the light will be diffuse. 
On very cloudy days, however, only diffuse light 
will reach the ground. 

To get a better idea of how important these 
two types of light are to solar greenhouse design, 
consider that on a clear day, the light in- 
tensity in direct sunlight can be as great as 
8,000-1 0,000 foot-candles, or ft-c (see Box 2-2 ) 
while the diffuse radiation which reaches the 
greenhouse from the blue sky is only about 500 



ft-c in intensity, or only about h - 2t) as great as 
the direct radiation. On a very clear , day the 
direct light comes from a very small portion ol 
the total sky dome, the sun's disk, while the 
diffuse light comes more or less evenly from, 
all parts of the sky (see Figure 2-6, The Sky 
Dome ) . 

A day which is heavily overcast has no com- 
ponent of direct radiation and all the light is 
scattered. This light is usually of low intensity, 
typically in the range of 500-1,000 ft-c, "and is 
contributed equally from all parts of the sky. 
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reliable indicator of either solar' energy or 
energy available for photosynthesis. 

Just to give, you an idea of how intense out-' 
door levels of 'lighting are, consider the fact 
that many offices are ' illuminated only to 
100 ft-c. There are lighting experts, however, 
who believe that a level, of 30-50 ft-c is more 
than adequate for all except the most demand'- 
ing of tasks. Qf course, you cannot grow most 
plants very well at those intensities. 
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The Footcandle (ft-c) 

The footcandle, abbreviated ft-c, is simply a 
measure of illumination. It is_|ke intensity of 
light produced by One candle at ji distance -of 
one foot. The numbers here are used , simply 

- ..to allow you to* make comparisons between 

— the intensities of light in different weather 
conditions. The measurement of illumination 
using the footcandle is designed specifically 
to fit the needs of the human eye. It is not a 
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Clear Day 

O 




Total Light Intensity at Ground— 8,000-10,000 Ft-C 
■Direct Radiation 85-90% 
Scattered Radiation 5-J'5% 



Bprght Overcast Day 




Total Light Intensity at Ground 2.000-5,000 Ft-C 
Direct Radiation 0-2 5% 
Scattered 75-100% 

(As the Total Intensity Increases, a Greater 
Percentage Comes From the Region of the Sun.) 



Heavy Overcast Day 




Total Light Intensity at Ground 10,000-15,000 Ft-C 

Direct 60-100% 

Scattered 0-40% 

(Mostly Reflected from Clouds) 



i 

Figure 2-6: The sky dome. 
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Between these extremes are bmM^^^^^t and 
hazy days, and clca-r hut partly cloudy days. 

On bright overcast days, with total light^'in- 
tensities ranging from 2,000 to 5,000 ft-c, the 
light will he fairly evenly distributed over- the 
entire sky at the- lower end of the range , M : 
intensities. On the brightest days, much of the 
total radiation will come from the general region 
of the sun, although a significant contribution is 
made from the rest of the sky as well. 

Clear, partly cloudy days are the hardest to 
quantify, because the white clouds can reflect a 
large amount, of sunlight to the greenhouse, 
supplementing the direct radiatjon. The in- 
tensity of the light received can vary from rela- 
tively low levels (around 1,000 ft-c) -'in full 
shade, to 10,00Q to 14,000 ft-c in sunlight. The 
intensity of the light can change, very rapidly on 
such days. 

For clear days, a general rule is that the lower 
the sun is in the sky, the greater the percentage 
of the total -radiation that is scattered, since the 
light must penetrate a greater distance of atmo- 
sphere. This rule cannot be used to -compare 
the amount of diffuse radiation at different times 
of the year, since the atmosphere in some regions 
of the country is much clearer in the winter and 
this counteracts 1 the effect of the . lower solar 
altitudes. Foremost places, in North America, 
except for the far west, there is probably a 
greater proportion of diffuse radiation in the 
summer than^n the winter. Humid and indus- 
trial areas will also have a greater proportion of 
diffuse light at any time of year, and the total 
intensities will be lower than the average clear 
day at the same latitude, but in a clearer area. 

The reason it is important to understand the 
distinctions between the different types of light 
and where it comes from in the sky is because 
most plants you would wish -to grow in your 



greenhouse require a light intensity of at least 
2,000 ft-c to make decent growth. Even greater 
peak intensities are ncces-saryif the light is not 
available for a long enough period of time. ^-Si nee 
you will probably "want to grow plants' that 
.would like the 13 to 15 hours of light they 
would get in the summer, but in days that are 
only S to 10 hours long, it is clear that .your 
greenhouse needs to get as much as possible. 
Chapters Twelve, Thirteen, and Fourteen will 
give you an idea of the light requirements of the 
plants you may wish to crow. 



Shape of the Greenhouse 

It is extremely interesting to study traditional 
greenhouse designs to see just [how well they 
capture light for heat and plant growth. The 
roof of a standard-frame greenhouse is divided 
into two parts, usually of e|qual, and shallow low 
slopes (see Figure 2-7). Researchers at the 
Brace Research Institute in Montreal say that 
this form 'developed in the Low Countries of 
northern Europe as a response to the low levels' 
of predominantly diffuse light prevalent in t^ie 
'region in the wintertime. This design was 
brought to this' continent with little consider- 
ation of the differences in climate and latitude""?- 
encountered here. Until recently, little research 
fias been done on more suitable shapes/foXpther 
types of climates. / j 

The , traditional greenhouse loses more! heat 
than it gains from the sun during the winter, no 
matter what its orientation. But I have analyzed 
the angles of the roofs and the incoming solar 
energy, and found that just changing the 'direc- 
tion of the greenhouse can make a significant 
. difference.. If the axis of the roof is running 
east-west, the greenhouse will gain 2 5-percent 
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Note: The International Greenhouse Standard for roof 
slopes is 26.5°, in most of my calculations I have used 
30° or 35°. For convenience, this would mean that a 
standard greenhouse would get even less solar energy than 
I had uiliulated. 

Figure 2-7: Greenhouse orientations. 

more solar radiation (on January 21, at 40° 
north latitude) through the roof than if the roof , 
axis runs north-south. This gain is. despite the 
fact that the north side of the roof on an east- 
west orientation receives no direct radiation at 
all on that day, and both sides of the north-south' 
oriented roof receive a little. Since many green- 
houses run north-south so as to get the sun on 
all sides of the plants, this represents an enor- 
mous sacrifice of solar energy in this country.. 
J. Seeman, in the World Meteorological publica- 
tion, 1 Climate under Glass, reports that studies 
in the vicinity of London show that light in- 
cidetjice in a greenhouse with an east-west orien- 
tation may be up to 12 percent higher than for a 
greenhouse with a north-south orientation. 



North-Facing Roofs 

It is easy to see why the north-facing roof con- 
tributes so little to the heating of the greenhouse. 
From a sun path diagram or from tables of the 
sun's positions you can see that at 40° north 
latitude the maximum solar altitude at noon on 
January 21 is only 30°. Figure 2-8b shows that 
at this angle the north roof would be in shadow. 
Even in March, maximum solar altitude is only 
50°, and only a relatively small amount of 
radiation will strike a 35° north slope (Figure 
2-Sa). You don't even need to calculate radia- 
tion to see that the north-sloping roof contributes 
little to the heating of the greenhouse during the 
winter. 

If you are designing your greenhouse To 
maximize the amount of solar energy received, 
with the: least possible energy lost, ydu should 
make north walls and roofs solid and insulate 
them well. The only reason the north wall plight 
be glazed is for light, but on clear' days the 
intensity of north light is only V, „ to -%o as 
great as direct sunlight. Since it plays such a 
small role in plaxit growth at these intensities, we 
can safely make, the north side opaque without 
sacrificing aijiy solar radiation; altogether, this is 
what makes a solar-heated greenhouse posfible. 

I 

The Importance 

of the Angle of Incidence 

If your compare the amount of radiation received 
on -the north- and the south-facing roofs of tke< 
greenhouse in Figures 2 t -8a and 2-8b, you' can see 
one reason why the angle of the roof is important 
in capturing the most solar radiation. Only when 
a surface is perpendicular to the sun's rays will 
it intercept an area of radiation equal to its own 
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North 




r 



A. Even though north and 
smith roofs have equal area, 
the south roof receives several 
times as much' radiation, and at 
much lower angles of incidence 
than the north roof. 



B. North roof wjll not 
receive direct sun 
from beginning of 
November to February. 



Figure 2-8a: Direct solar radiation on north-facing roofs (40° N latitude). 
■Figure 2-8b: Direct solar radiation on north-facing roofs ( 40°N latitude) . 



area ( see _ also figure 2.9). If a surface is 
turned away from the sun's rays, it will present 
less area and receive less radiation. 

The'an^le the sun's rays make with a, line 
perpendicular to the. surface is called the angle of 
incidence. Besides .determining how much 
radiation the surface will intercept, the angle of 
incidence^ also determines how much of that 
radiation is reflected, and in the case of trans- 
parent materials, how much is transmitted (see 
Figure 2-1 Oa) . The maximum amount of radia- 
tion is transmitted when the radiation is per- 
pendicular to the surface. If radiation strikes 
the surface away" from the perpendicular, more is 
reflected and less is transmitted. The relation- 



ships between the angle of incidence and the 
percentage of radiation transmitted, and between 
the angle of incidence and the amount of) radia- 
tion intercepted are shown in Fig*^^M^«f 

The reason for choosing an, "ctj^pRftfm" orien-- 
tation and shape for your greenbeusels to try to 
find an angle for the south face which is close to 
the ideal angle of incidence, for as long a period 
each day as possible and /or as much of your 
chosen season as ppssible. .It is important to do 
this for the middle of fhe day when the radiation 
is most intense and for the specific season when 
you will be using the greenhouse. You know 
that almost all of the solar energy^, that will 
enter your greenhouseywill be through the south 
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roof; you are now ready to determine the best> 
ans>lc for that roo-f<. 



The South-Facing jRoof 

The slope of the south-ficing glazing should 
maximize the amount of solar radiation passing 
through it^d-uring the period of the, year when 
you actually use tire greenhouse. If you intend 
to use your greenhouse all winter long, you 
might at first think that the best slope would 
maximize transmission for December, the time 
of the lowest solar altitudes. This would result 



in the steepest possible slope at any latitude. (6*4° 
at 40 °N latitude). This is generally not advfs'-" 
able, . however, because the period of greatest 
iincierheating, the time when the combined effect 
of temperature and reduced solar radiation is 
most severe, occurs in January and February. 
The angle, of the south slope should usually be 
determined for this period. 

The number of hours of light and its intensity 
are both, greater in January and February than in 
December.- Even though a greenhouse optimized 
for January might not transmit quite as much in: 
December as one designed solely for that month, 








Surface 
1' - 



Radiation Normal 
(Perpendicular to 
Surface) 



Figure 2-9: Angle of incidence. 
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it has a better performance on the average over 
the entire winter. It is better to, optimize the 



greenhouse foracdnge of months than for one 
extreme. 




Glazing 




Absorbed Radiation 



Transmitted 
Radiation 



Glazing Losses: When radiation strikes a surface, > 
of the radiation is reflected, some is absorbed, and s 
may be transmitted (depending on the type of radia 
and properties of glazing material). 



>me 
ion 



Figure 2- 10a: Glazing losses. 

The South-Facing Roof: 
Finding the Best Slope 

Rather than, going ' to all the trouble of cal- 



cu 



radiation striking your greenhouse — a long and 
tedious process — you can use relatively simple 
rules of thumb or radiation tables to determine 
the angle of the south roof. You can simply add 
lating angles of inc idence and intensities of the 20° to your latitude to get the desired slope. Or 



\ 



1 

18 



THE SOLAR GREENHOUSE BOOK^i 



1.0 



.9 



.8 





Q 



w 

n 
-a 

<L> 
■J~l 
t/i 

<L) 
ui 

a, 
x 
w 

■I—* 

G 

a; - 
u 



.6 



£ -4 



.2 













.1' 












- — - 


— - 














— 














S 

-V 


— \- 












\-> 




\ 




















\ 


r- 


\ 




■*■?■ 










\ 


















\ 


















\ 


















i 
\ 


t - 








■ 










\' 


















\ 




































-1- 
— \— 




































\ i 


















\\ 


















V" 



0° 
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30° 



Traiismittance through single layer 
of glass (ASHRAE Handbook, p. 395) 

Ratio of intercepted area pi 
radiation on tilted surface jo 
actual surface area 

»> Aoi/A s =<osfl (6 Angle of Incidence) 
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90' 



i . J 

This graph shows that the angle of' incidence (0, theta) 

has little efFect cin transmittance through slngle„glass for. 

angles up to 45°. The area presented to the sun by a surface^ 
at that angle to the sun's rays is only 70% as great as 
straight on. , 1 



Figure 2-10b: 
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you can look up on a sun path diagram s> \yha£^rrti- " 
tude the sun is at noon on January 21 and make 
your initial choice of roof s]f>pe the angle perpen- 
dicular to that solar altitude. At 40° north lati- 
tude the solar altitude at noon on January 21 is 
30°, so your first choice would be 60 a \ Now you 
. should consider the type of sunshine you usually 
receive in your area. / If you Have nearly all clear 



^days and few cloudy days you could le,ave it at 
this angle. However, if you have a lot of bright 
overcast days and relatively few really clear days,' 
you should make thut angle a little, less steep so 
that the inside ,. of the greenhouse at the plant 
level can s^ee a greater part of the sky dome. 

Alte rnajtively you could use the tables to find 
the slope 1 which would receive the greatest 



Date 


Solar 


Time 


Solar Position 


' Btu. Sq. 


Ft. Total 


Insolation on Surfaces 










AM 


PM 


Alt. 


Azm. 






Smith 


— Facing Surface Angle 


with Horiz. 












formal 


Horiz. 


' 30 i 


40 


50 •" 


60 


90 


* Jan 21 


8 


4 


8.1 


55.3 


142 


28 


65! 


74 


. 81 




85 


84 




9- 


3 ' 


16.-8 


44.0 


239 


83 


15 5| 


171 


182 




187 


17L 




10 ' 


2 


23.8 


30.9 


274 t 

289 


127 


218! 


2 37 


249 




2 54 


223 




11 


1 


28'.4 


16.0 


154 


257 


277 


290 




293 


253 




12 


30.0 ■ 


0.0 


294 


164 


270 


'291 


303 ' 




306 


263. 






Surface Daily Total's 


2,812 


948 


1,660 


X 1,8L0 


1 ,906 


1,944 


1,726 



, Date 


Solar, 


Time 


Solar Position 


Btu. Sq. 


Ft. Total 


Insolation on Surfaces 










-, AM 


PM 


Alt. 


Azm. 


i 




South— 


-Facing' Surface Angle 


with Horiz. 






T - " " 








Normal 


Horiz. 


30 


40 % 


, 50 


60 


90 


Feb 21 




7 
8 


5 

4 


4.8 
15.4 


72.-7 
62.2 


69 
224 


10 

73 


19 
114 


21 
] n \ 


\ 2 3 
\l26 


24 
127 


22 ' 
107 






9 


3 


25.0 


50.2 


274 


132 


195 


* .205 


2 X 09 


208 


167 






10 
11 


2 
1 


32.8 
38.1, 


35.9 
. 18.9 


295 ■ 
305, 


178 

206 


2 56 
293- 


' 267 
306 


27V 
310\ 
323 \ 


267 . 
304 


210. 
236 






n m 


40. 0> 


0'i0 


308 


216 


306 


319 


317 


245 


e> 






Surface Daily Totals 


2,640 


1,414 


2,060 


2,162 


,. 2,202 


\ 2,176 


1,730 



Date * 


Solar 


Time 


Solar Position 


Btu. Sq. 


Ft. Total 


Insolation on Surfaces * 










AM 


PM 


Ait. 


Azm. 


Normal . 


Horiz. 


South- 


-Facing Surface Angle 


with\ Horiz. 












, 30 


40 


50 


60\ 


90 


. Mar 21 




7 




* 5 


11.4 


8ft. 2 


171 


i6 


55 ' 


55 


54 


51\ 


' 35 






8 




4 


22.5 


69.6 


250 


114 


140 


141 


138 ' 


131 \ 


89 






9 




3 


32.8 


57.3 


282 


173 


215 . 


217 


213 


202 


138 






10 




2 


41.6 


4119 


297 


2>8 


273 


276 


271 


258 


.176 






11 




x 1 ... 


'. 47.7 


22,6 


305, : 


247 


310 


313 


307 


293 


200 








12 


50.0 


0.0. 


307 


257 


522 


326 


320 


305 


\ 208 








Surface Daily Totals 


2,916 


1,852 


2,308 


2,330 


2,284 


'2,174 


1,484 



Date 


»So4ar 


Time 


, Solar. Position 


Btu. Sq. 


Ft. Total' 


Insolation on Surfaces 








AM* 


PM 


Alt. 


Azm. 


Normal 


Horiz. 


South- 


-Facing Surface Angle 


with Horiz. 










30 


40 


50 _ 


60 


90 


Apr 21 


6 


6 


7.4 


98.9 * 


89 


20 


11 


8 




7 


4 




7 


5 


18.9 


89.5 * 


206 


87 


• 77 


70 


6'1 


50 


12 




8 


4 


30.3 n 


' 79.3 


2 52' 


152 


153 


145 . 


• 133 


117 


53 ■ 




■ 9 


3 


41.3 


67.2 


274 


207 


221 


213 


199 


179 


93 1 




10 


2 


51.2 


51.4 


286 


2 50 


275 


267 


, 522 


229 


126 




11 


1 • 


58.7 


29.2 


292 


' 277 


308 


301 


285 


260 


147 




12 


61.6 


0.0 " 


293 " 


287 


320 


313 


296 


271 . 


' 134 






• Surface Daily Totals 


3,092 , 


2,274 


2,412 • 


2,320 


2,168 


.... 1.956 


1,022 ■ 



Date 


Solar 


Time 


, Solar Position 


Btu. Sq. Ft. Total Insolation on Surfaces 




AM 


PM 


' Alt. 


Azm. 


Normal 


Horiz. 


South- 


-Facing Surface Angle 


with Horiz. 








." f.5 




30 


40 


50 . 


60 


90 


Dec 


8 




4 


53.0 


89 


14 


39 


45 


50' 


54 


56 


i' 


9 




3 


14.0 


41.9 


217 


65 


135 


152 


. 164 


171 


163 




10 




2 


20.7 


29-4 


261 


107 


200 


221 


255 


242 


221 




ll 




v. 1 


25.0 


.15.2 


280 


134 


239 


262 


276 • 


283 


. 252 




12 


26.6 


0.0 


285 


143 


2.53 


275 


290 


296 


263 








. Surface Daily Totals 


1,978 


782 


1^80 


1,634. 


1,740 


1,796 


1,646 



Figure 2-11: Solar position and insolation, 40°N latitude. 
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Figure 2-12 i Range of south-glazing angles proposed by Brace. 



from a 40° to 70° slope for the south roof .would 
allow near-optimum performance for {heir lati- 
tude of 44° north (Montreal). Moreover, when 
it came right down to building their experi- 
mental greenhouse, ■ they used a *slope of ^3-^, 
The ^reason -they chose this angle, -which they 
claimed would not make their greenhouse per- 
form much wor^ethan their optimum range, was 
because they are limited by the length of ,the 
materials they could get -to build the greenhouse. 
This factor might influence your decision to make 
a lower than "ideal" angle. You might also be 
limited to shallower angles if you are attaching 
it to a low wall of the home. Also, if your green- 
house is at all large you will find that steep roof 
slopes result in very high greenhouses, which 
have more surface area to lose heat' and which 
tend to collect warm air at the top. If you want 
to make your greenhouse roof slope lower for 
practical reasons, you will be in good company. 

i 



amount of solar energy (Btu's) at your location 
on average clear days (see Figure 2-11). Again 
let us" assume you are at 40° north (anywhere in 
a line from New Jersey to northern California) ; 
if you look' at the figures for . total radiation 
received on different slopes (see Figure 2-9 ), 
you will see that angles of 50° and 60° receive 
nearly the same amount of radiation. In fact 
they are within two'percent of each other. These 
tables include both direct jtnd diffuse radiation 
for average clear days. Since the percentage of 
diffuse radiation on a clear day is only about five 
to ten percent of the total, i you would still need 
to go to a slightly lower angle if you don't get 
mostly clear days. If you use the tables you will 
.get a better idea of the range of angles which 
will give nearly the same performance. 

Just to give you an idea of the wide range of 
angles possible, the Brace Research Institute used 
a computer program and found -that anywhere 
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There are many reasons for doing it, and gener- 
ally it makes the' greenhouse slightly more effi- 
cient in spring and fall months. However, lower- 
ing the slope may cause overheating problems at 
other times of the year. 



Canada may have about five-percent greater in* 
tensities. South of Tennessee 1 and North Caro : 
lina, however, the intensity of the radiation may 
only be from 90 to 95 percent of the values in 
the tables, while industrial areas and cities may 
have even- lower intensities. 



Optimizing the 

th Slope for Other ^Seasons Slope of the Rear "Wall 



Sou 



Si.ppose you won't be using your greenhouse in 
the winter, jbut Only in the fall to extend the 
seison orfn the early spring. You need not 
w-sriy about the fall so much, because outside 
te nperatures are still fair then, but March, even 
though the sun is getting higher in the sky, cart 
st 11 get- quite cold at night. Since thq beginning 
of March is.not given in the table (Figure 2-11 ) 
you could add the values of radiation given for 
both February and March to see which angle 
g ves the best overall performance. Adding the"' 
two months we find a 30° slope receives a total 
of 4,36.8 Btu's, 40°— 4,492, 50°— 4,486, aad 
<;o° — 4,350. The most energy falls on a 40° to 
;0° slo^e aqj, there is only three-percent differ- 
ence in energy between the two angles. Since 
there is so little difference you can t>e confident' 
in choosing whatever angle in that range is 
easiest to build. If a large proportion of the 
solar radiation in your area is diffuse, you should 
choose an angle from the lower end of the range. 

Regional Clearness Factors 

Since- the values in "these tables are for average 
clear days, they may nof^.e representative of your 
area. The southern Rocky Mountain area usually 
has from five- to ten-percent greater intensities 



Once the slope of the front wall is. chosen, you 
are ready to design the rest of your greenhouse. 
The next thing to consider is the insulated rear 
roof. Is there any special slope it should have? 
The Brace Research Institute examined this ques- 
tion too', and found that the proper slope, with a 
reflective surface on the inside would let the sun- 
light breach the back of the greenhouse during 
the winter and would distribute the light to the 
plants evenly. In tests they found that the light 
reflected from the rear wall/roof in their green- 
house produced earlier crops than could be 
grown in an adjacent conventional greenhouse. 

They suggest that the slope should be about 
equal to the solar altitude at noon on June 21, 
but their computer optimization showed a range 
of froni 60" to 75° would give-about equivalent | 
performance for Montreal's latitude (44° { 
north ) . This is a good range to work with any- X 
where in the northern part of the United States 
and Canada, except perhaps in areas where there . , 
is an extremely high proportion of bright, cloudy 
days and a relatively mild climate. In that type 
of climate, a large part of the available radiation 
would be diffuse radiation scattered over the 
entire sky, and you migh£. wish to open up the 
inside of the greenhouse to a greater part of the 
sky dome. 



of sunshine because of the elevation, an<I tEeTar 
northern part of the United States and southern 



Shallow slopes, on the other hand, would tend 
to limit the amount of light plants near the back 



22 



THE SOLAR GREENHOUSE BOOK 




Direct Radiation Reflected 
to Plants (or Outside) 
from Rear Wall 



Direct Radiation 
Reaching Plants 



A Glazed Kneewall Contributes 
Direct Light If Not Obstructed 



Range of Angles of Sky Radiation 
Directly Reaching at I^east 50 Percent 
of Growing Area 



Figure 2-13: Solar energy reaching plants. 

■ ■ ° V 

of the greenhouse would receive. Tj*he extreme 
case is a horizontal ceiling; a greenhouse with an 
insulated horizontal north roof would be little 
better than a room with south-facing picture 
windows. The only region where you might 
wish to consider, rear/north slopes much less than 
60° or so is where overheating is a serious prob- 
lem, as in parts of the South and Southwest. 
r No matter what your location or the slope of 
your north greenhouse wall;" you -should make the ' 
~inside surfaces reflective. ExpeTimints done on 
plant "growth with reflectors indicate that vege- 



table production is enhanced to a greater extent 
with diffusing white reflectors rather than . 
specular reflectors, like aluminum foil, or non- 
reflectors, like black "walls. These experiments 
have been reported in Organic Gardening and , > 
Farming® in April 1976, and in R. Geiger's The 
Climate Near the Ground. While both types of 
reflectors improve yields, only black walls tend to 
increase plant growth. 

Despite this, some, solar-greenhouse designers 
have turned their rear walls into solar collectors 
by making them black to absorb solar radiation. 
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If you are interested in* fruit or root crops, rather 
than greens or. foliage growth, you would be far 
better off to allow as much as possible of the 
sun's energy to reach the plants as light, and to 
remove any excess heat, which they reradiate, 
from the air. Unless you live in an area with 
extremely intense sunlight, like the highi altitudes 
of the Southwest, you should use reflectors on the 
rear wall instead of absorbers!. 

White paint is usually less expensive and 
easier to renew- than foil reflectors, whose reflect- 
ing ability will decrease over a period of time no 
matter how expensive they are. Another reason 
for elitosing white paint over foils is that -you 
•could inadvertently create "hot spots" with foils, 
..which could dry out or cook plants in those 
areas,. You can also give the plants a better' 
environment of diffuse light by using a diffusing . 
material for the^green house glazing. If you use 
a diffusing glazing, the exact angle of the north 
<wall is a .little less 'critical since you will not have 
to depend on it to distribute all the. light in the 
greenhouses.^ ' -'1 

Extreme Roof Slopes: Problems 

If you use very steep slopes you could end up 
with a high greenhouse. Besides increased heat 
. losses from the extra surface area, especially from 
the glazing, a pocket of warmer a-ir will form at 
the very top. Heat losses through this part of the 
greenhouse would be even-greater because of the 
increased, temperature difference between' inside 
and outside, antf you; woui<f have to use fans 
just to get .the warmfh down to the plants. It' 
will also cost you more to build since more ma- 
terials are necessary. 

There are also pjoblems with using, very low 
slopes for either the south or north walls, besides 



the increased angles of incidence. In snowy 
climates, the roof must be able to support the 
expected snow load; this is particularly difficult 
to achieve with glass surfaces without a lot of 
heavy! structure and small ■ pieces of glazing. 

: Also, iunless you will always be around to clear 
snow off when necessary ^although snow on the 
roof cm .a cloudy day would add some insu- 
lation j, the slope should be steep enough to 
allow it to slide off. In the event that your solar 
greenhouse employs multiple layers of glazing 
and movable insulation^ the glazing will not be 
as warm as in an . uninsulated, single-glazed 
greenhouse and the snow will not melt or slide 
off as readily.*" 

A low rcfbf angle may also affect the utilization 
of all the space in your greenhouse, particularly 
if you wish to use benches rather than to plant 
directly in beds on the ground. You could end 
up with unusable and unreachable nooks where 

'"the" rocof rises from the ground, unless you pro- 
vide a ikneewall. A kneewall on the south side • 
would Actually be a gopd idea in snowy regions, 
as it wlpuld provide a ""place for the snow to 
ac^timulate when it slid off, the roof. 'If a bench 
were*-usecl^along the south wall, it would tend 
to block any light^oming trough a kneewall; 



Orientation of the Greenhouse \ 

' ■ < ■ ~ ^ 

A solar greer house should obviously be, oriented 
with the majority of the glazing facing in a 
southerly direction. The question most people 
a§k (with good reason, since few sites allow 
alignment directly south), is how far from true 
.south can tip greenhouse be oriented? For-, 
tunately therj is little need for you to be locked, 
info due-soufh orientation, at least for green- 
houses with sloping glazing. ( Identical green- 
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Greenhouse Oriented 
True South 



Greenhouse Oriented 

20" from South ( Hast 

or West): Only Four to Five Percent 

Less Total Direct Radiation 

than True South 




Greenhouse Oriented 
•IV from South (SF 
or SW) : 18 Percent Less 
Total Direct Radiation 
thaii'True South for Low- 
Slope Roof ) 
22 Percent Less for High 
Slope (60°) 



t'ls of greenhouse orieiitalioti . 



houses with roof slopes of 35° to 60° at orien- 
tations as much as 20° off true south will receive 
only four- to five-percent less total daily radiation 
through the glazing than a greenhouse oriented 
true south.) Even as much as 45° off south will 
result in a decrease of only 18 percent for a 35° 
slope and 20 percent for a 60° slope. 

If scattered or diffuse radiation makes up a 
large part of the total radiation, the differences 
for angles off due south would be even less, no 
more than two percent at 30° off true south. ' 
Additionally, when you orient your greenhouse 
off true south .you can make the northerly end 
wall of the greenhouse totally opaque and in- 
sulated, with little loss in total radiation trans- 
mitted and a significant decrease in heat losses, 
while the end Wall which is shifted towards the 
south will have improved solar radiation during 
the winter months and can be glazed. 

Ideal conditions rarely prevail; the site you 
have available may be partially obstructed by 
hills, trees, or buildings, or for other reasons 
you may wish to orient the building on some 
other axis than east-west. In this case it. is-con- 
venient to plot your site's horizon on a sun path 
diagram in order to evaluate the effect of the 
obstructions (see Box 2-3 with Figures 4-1 5a 
and 4-1 5b). ; 

Another factor you should consider before 
^deciding on the orientation of. your greenhouse 
•Js the local weather pattern. The incoming radi- 
ation figures quoted in the preceding examples " 
were for days which were uniformly clear 
through the entire day. This kind of day may 
occur only rarely in some regions. For instance, 
parts of New/* England seem to experience clear 
mornings with increasing cloudiness leading to 
complete overcast later'in the day. On the other 
hand, the Sin Joaquin Valley in California is 
often foggy Jin the morning with clearing later 
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Using Sun Path, Diagrams to Evaluate 
Site Obstructions 



* It is vcrv helpful to plot the horizon line ami 
any nearby buildings' or trees on a sun path 
diagram in order to see^Kvhere most ot the 
sun will actually come, f rom at your site. You 
can make a tracing- from the circular sun path 

* diagrams given in the Appendix, or yon could 
pLoKfne altitudes and azimuths on a rectangu- 
lar grid. This method gives you a plot which 
is more like your site actually appears when 
you are standing on it facing south and may 
be easier to work with. 

In the Figures 2- 15a and 2- 15b I have 
plo'tted the same site. At this location there 
are three types of obstructions: the true horizon 
consists of ground and distant hills. There is 
also a distinct Jm-e- formed by the tops of^tho- 
trees in the>middle distance. If yo.u tried to 
do anything to reduce their effect on the site, 
it would take substantial cutting. Possible but 
highly unlikely. The major obstructions arc 
half-a-dozen nearby trees, which shade the 
site during the-^brightest hours, all of which 
could be cut without any difficulty or visual 



damage to the site. All in all, a southern 
orientation would work well at this site, since 
both east and west obstructions are fairly 
evenly. balanced. 

Suppose, however, that the trees at A in 
Figure 2- 15b were on another property or were 
particularly valuable specimens. If they were 
heavily branched, the sun would drop behind 
them in midwinter by 1:30 or 2:00 p.m. 
Since the amount of sun. in the morning^nd 
afternoon is no longer about equal, you should 
orient the greenhouse more toward the east, 
say 10 or 15 ' to improve the angle of in- 
cidence in the mornings when you have the 
most sun. 

You can treat local climatic features in the 
same way as physical obstructions. ' If you 
know you have, for example, morning fogs 
which rarely lilt before 10:00 a.m., you 
should shade out everything below 10:00. A 
slightly western orientation" might be appro- 
priate in this instance. 



Box 2-3: I 1 sin i! sun [Kith diagrams to evaluate silt 
obstructions. 



in the day. Hither pattern should influence your 
choice ot orientation and you can indicate periods 
of cloudiness on the sun. path diagram as well, as 
physical site obstructions. An orientation off- 
south which takes weather patterns into account 
captures a-gcrater proportion of the total daily 
radiation actually available than would a true- 
south orientation. • 

It will be necessary for you to know your local 
weather, which may involve several years of 
observation, or to have available long-term rec- 
ords which record cloudiness on an hourly basis 



m order tor. you to be certain that what you 
observe is consistent behavior, rather than one 
year's aberration. Some major weather stations, 
airports, or- air bases make records of cloudiness 
on an hourly ba»sis, and if you live nearby, they 
would probably be accurate enough for you to use- 
in evaluating your site. <*. 

Independent of all other considerations, there 
is a good argument for orienting the greenhouse 
somewhat to the east of south, even for consis- 
tently clear' weather. An easterly orientation, 
while sacrificing a small fraction of the total 
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Figure 2- 15a: Evaluating silt. 



\ 

daily radiation, would allow the greenhouse to 
warm up slightly earlier in the morning. Since 
mornings are generally somewhat colder than 
afternoons, and since' the supply of heat from 
the previous day may be at its lowest ebb just 
day begins, perhaps only sufficient to keep every- 
thing from freezing, It the greenhouse warmed 
up earlier it would allow the plants to have the 
warmth they need to take advantage of the avail- 
able light and continue growing. This orien- 
tation would also help to minimize some of the 



overheating that would occur in the afternoons 
ot sunny spring or fall days. 

End-\SCfall Glazing 

One of the first things you learn when you look 
at the solar performance of a greenhouse is that 
the north roof plays little part in the heating of 
the greenhouse, and that a large amount of 
energy enters through the south roof. What 
about other orientations, for instances, the east 
and west end walls? It is obvious that these 
orientations, if they are. vertical surfaces, will not 
receive as much total daily radiation during the 
winter as a south-facing surface, since the sun 
only strikes them for half the day and never gets 
around to striking them full face until March 21. 
In fact, on January 21, one square foot of vertical 
east or west glazing receives less than one third 
the-radiation of a vertical south-facing surface. 
The question is: How much are the losses com- 
parted to the gains for a given orientation? 

End-wall glazing in short (east-west) green- 
houses is usually counterproductive because much 
of the sunlight parses into the greenhouse from f 
the south wall and passes right on through the 
east-west walls. If these walls are reflective or 
contain absorptive storage mass, this energy is 
available within the greenhou.se. 

A general rule of thumb for vertical glazing at 
different orientations is as follows: For the 
climate of Washington, D.C., you would break 
even, on' the average, with single-glazing on a 
south wall and double-glazing on east ©r west 
walls. You would have a net gain through a 
south wall if you double-glazed, but you would 
lose through a north wall in .any case. For the 
climate of Boston, on the other hand, double- 
glazing on a south wall add triple-glazing on east 
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Figure 2-1 5b: Evaluating si' e obstructions. 



or west walls would be required to break; even. 
Of coutse, if an east-facing or west-facing wall 
was shaded in the morning or afternoon, respec- 
tively, 'it would be a net loser no matter how 
many layers you had. Consistent morning or 
afternoon cloudiness would have the same effect. 
Actually, these rules of thumb apply only to 
glazing without movable insulation. If youi used 
movable insulation, which you should, you could 
have net gains for almost any orientation except 
northerly, although the more southerly orien- 
tations would still train the most. 



Your decision whether or not to glaze the end 
walls ;of your greenhouse will be influenced by 
most of the same considerations that you give to 
orientation. In general, the smaller your green- 
house, the more important it would be to glaze 
the end walls. If you used solid end walll, they 
might shade the inside of the greenhouse too 
much compared to the amount of light available 
through the southern glazing. Southeast or 
^southwest end walls almost always should be 
glazed, as they could make a substantial con- 
tribution to heating. 



THE GREENHOUSE AS A SOLAR COLLECTOR 

- t v " * 

External Reflection 1 



The amount of light striking the outsfde-ibf the 
greenljouse and the glazing can be increased by 
external reflectors, either, natural or artificial. , 
You could build large panels which you would 
attach to the outside of tbjp greenhouse. These 
would either be made of | reflective material like 
aluminum or of plywood or Masonite with foil ' 
or.reflectorized plastic "applied.. Such panels can 
contribut e a la rge amount of solar 'energy^ mostly 
on clear days, and they can also be used to^ pro- 
vide nighttime insulation for the greenhouse. 
On the other hand, they could cause some prob- 
lems for you» in some parts of the country. If 
you 1 live ii^ a snowy climate, you might find that 
the srro\y makes it difficult to operate them. Even . 
on clear dajys snow cquld drift onto the reflectors, 
and high 'winds could tear large, light panels 
right off; your greenhouse of slam them into the 
glazing unless they were very securely fastened. 

Thp .surface, of even fcfie best reflector will de- - 

ter orat| with time dnd exposure to. the elements, 
so you should n^t cbunt on long-term reflect ivity. , 

~ i . ■-, v- Sag' 1 -' 

of ^greater than* about /^perceti't. - > 4 
Natjatgl reflectors include snow, light dry soil, ■- 

Ifqd water between th% greenljouse, and tnc direc- 
t-ion > df th'e sun. ( You c-srlioj cci'ntrol these ma- 

' teria'hi Jike yaijg^an paries, 'ngr arc. they as Jj reflecf> 
five in most cases; ; but they are f ree^ if Snow [§' 
the most effective; reflecting between 4b and 95 
percent of the light striking itv^Iepending on. "its- 
freshness. It is a diffuse reflect^-Jjowever, 
and would not make a great contribution to the 

'greenhouse unless . the greenhouse faced otic** 
across a large expanse of snowy ground. Water 
is not^very reflective if the ' solar altitude is 
greater than 40°, so its greatest effect will come 
shortly after sunrise and bef/bre sunset. If your 
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site were suitable it could fc>e heLpful in getting 
the greenhouse to warm up a little easier ii^ the 
day. Dry, ^aridy earth can reflect between >-§k.and 
45 percent of the light striking It. This may- 
only a significant factor in certain western 
locations where sandy expanses sometimes occur. 



Effect of G reenhouse ^ — ^ — 
ThermaLlinprovements on 
Solar Radiation Received 

.\ 

■ Many of the things -thatvyou could do to decrease 
the heat losses of- your greenhouse would have 




2 . 3 A . 

LayersS&f Glazing 



Theoretical U-Value, jlllustrating 
Law of Diminishing Returns for 
Number of Layers pi "Glazing,. 
Installed \ 4 



Figure 2-18: Graph showing laiv of^-diminishing 
returns for number of layeys^of a 
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Kneewall on above- 
ground greenhouse 
provides space' for 
snow to accumulate 
without blocking 
glared roof. 



/ 



/ 




There will he no 
decrease in light 
reieived unless 
the lower part of 
glazing is blocked 
by snow or anything 
else which would 
shade kneewall as 
in above example. 



Figure 2-19: Effect of pit greenhouse on light received. 
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little or no effect on the amount of radiation the 
greenhouse receives. Multiple glazing, otae ol 
the first things you should consular to reVlucc 
greenhouse heat, losses (since most ot the heat 
loss occurs through the glazing) Joes reduce the 
amount of light transmitted. Each additional 
layer of glass used will reduce the transmission 
through the glaring Hv about 1 s percent, but (lie 
reduction of heat losses is less with each addi- 
tional layer. The optimum number ot layers to 
use depends on the material used, the severity ol 
the climate, antT the cost of the material, and 
will be discussed more tully in Chapter hour. 

Thermal shutters, or movable nighttime insu- 
lation, another design feature you should incor- 
porate in your greenhouse, should have little 
effect. on the amount ol radiation received in the 
greenhouse, provided they can be moved or col- 
lapsed when necessary. There may be some losses 
it you use permanently installed shutters just in- 
side the "lazing, but it they are rellectivc, (lie 



losses will be small. Insulation which can be re- 
moved completely during the daytime will not 
dec rease the amount of light received, unless you 
don't remove it early in the morning. On par- 
ticularly cloudy days it may be worthwhile to 
leave them up to save heat and to supplement sun- 
light with artificial light, or if , it is too cool to 
make any growth anyway, not to bother with 
light. 

Many pit greenhouses have glazing which 
comes right down to the ground, since the space 
inside could get unmanageably high otherwise. 
I'nlcss snow ■ accumulation at the foot of the 
glazing is removed, there will be reduced amount 
ol light getting into the greenhouse. 

Attached Greenhouses 

Attached greenhouses have the greatest reduc 
tion of solar radiation from April to September. 
They also suffer the most ot any ot the designs 




Figure 2-20: .S/;y Joiiic <>\' an Attached i<jct iihn<t\ 
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discussed so far under overcast conditions, since 
if a small greenhouse is attached to the two-story 
house, the roof of the greenhouse is exposed to 
little more than one half of thi' entire sky at any 
time. This is not a problem fojr clear days in the 
winter, but it will diminish tlH' total light. 'ir. the 
greenhouse when the sky is uniformly bright by 
"atiouTTd peTceht, depending oib the height or the 
wall above it. The wall above, if painted a light 
color, can reflect some light into the greenhouse, 
although it would be most effective for higher 
sun angles and direct radiation as the angle of 
incidence of the reflected radiation with the root 
surface would be I airly lng*h otherwise. 

Since atfachej greenhouses "have so man)' 
thermal advantages, many of you will wish to 
take advantage of them and sacrifice a little solar 
energy. If you are going to build an attached 
greenhouse on your home, you should place it 
on the south side. It your house is not exactly 
on a north-south axis, you should put thergreen- 
liouse on :he southeast face, if that face is no 
greater than 4 V off south and there are no 
obstructions. If it is more than that, the green- 
house should go on the southwesterly face, since 
•it will be more to the south. If the house is truly 
north-south, the greenhouse could go just about 
anywhere on the south .side, hut if it is possible to 
put it in front of a one-story wall instead of a 
higher wall, it would improve the light in the 
greenhouse under cloudy sky /Conditions. 

If the house is not exactly north-south, put the 
greenhouse on the southerly corner and be sure 
to glaze the southcrly'-end wall. If the optimum 
location on your house would send tons of snow 
down on the greenhouse, you are goingfto have- 
to find another place or build a separate green- 
house. One further word of caution which 
applies equally well no matter where you are 
going to put your greenhouse (but is particularly 
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House True North-South— 
Greenhouse Anywhere on 
South Side 




House East of South- 
by Less than I"! 
Greenhouse on Southeast Corner 



House Exactly i 5° — 

Greenhouse Either Fate but Southeast 

Is Probably Better 



House Greater' than I5 C 
East of South — 
Greenhouse Southwest 
Face 



Figure 2-21: Locations of attached greenhouse . 
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Figure ,2-22: Snow load. 



important for attached greenhouses), is that you 
should make sure that you are working with true 
north and south, rather than magnetic north and 
south. 

Summarized Greenhouse 
Design Process for Solar Energy 

All this information should enable you to choose 
a form and orientation for your greenhouse 
which will work quite well. The first thing you 
fa 



must do is to decide what the purpose of your 
•greenhouse is; the type erf plants, you wish to 
grow and their light and heat preferences will 
have an impact on the greenhouse design. You 
must also determine just when you will use the 
greenhouse, whether it is only to be a season 
"extender, or for year-round vegetable or flower 
production. With these ideas in mind you can 
find the positions of the sun during the period 
you will use the greenhouse, and using a sun path 
drrrgram and weather data you can analyze your 
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site to determine the most effective orientation 
for your greenhouse. You will consider the 
relative amounts of sunshine and cloudiness, and 
the type of cloudiness. 

You can use the following steps to help you , 
plan the actual- size and shape of your green- 

Tiouse* . ' 

<w - 

,1. Determine the angle/slope of the glazed, 
south' face of the greenhouse from the 
guidelines given earlier. 'Draw this slope 
on a piece of graph paper; . ,, 
2. Decide about, how high the top of your 
greenhouse should be. As you start out 
,_ ^you mjght try t o kee p the height some- 



where from nine to twelve -feet for a 
- family-size greenhouse. Draw a vertical 
line^ that height from ground level to inter- 
sect the south slope; this will mark the 
peak of .the greenhouse; 

3. For most of the United States, a rear slope 
between 60° and 75° is acceptable. From 
the peak, - draw this" line down to the 
ground' level on your graph paper; 

4. You can now measure the width of the 
greenhouse created by this combination of 



front and back slopes. You can experi- 
ment with slightly different angle and 
height combinations to get a growing area 
suited to your .needs; 

5. Since you have* determined the angles of 
these slopes to get the most energy in your 
greenhouse, make your greenhouse longer 
to get the floor area you need, instead of 
changing the angles; 

6. You can also use kneewalls to compromise 
between your "ideal" angles and such prac- 
tical considerations as material lengths, 
width of greenhouse you need, and head-.. 
roo m , Feel f r pe to usa them to xnme np 



with a design that is solar efficient, easy to 
bu^d, convenient to maintain, and meets' 
your growing needs. 

In most instances, if you use this procedure to 
interpret the range of possible angles and .orien- 
tations in light of the trends of weather and 
your particular site restrictions, you will come up 
wit h a gr eenhouse design which will gi ve you as 
good a performance as any precisely calculated 
design. 
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Chapter Three 

Keeping the Heat in the Greenhouse 



Conrad Heeschen 



It won't do you much good to design your grech- 
• house to maximize the input of solar radiation if 
you don't know how to keep the heat in. Any_ 
heat saved is that mufrh less heat you will have 
to supply. If there was a contfnnous natural 



input of solar energy 24 hours a day, there would 
be no need to be concerned with heat lost since 
the spin's radiation is nearly always greater than 
the greenhouse losses. Only the intermittent 
nature of this energy source makes it necessary 
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to store and retain as much heat as possible for 
use Muring " the colder, undefeated periods. 
HeatVvan be lost from the greenhouse in several 
ways: \adiation, convection, and conduction; all 
are involved- in heat- loss- ffom the greenhouse. 

Heat transfer by radiation! was described in^the 
last chapter,, since solar radiation is the major 
source of heat for the greenhouse (see Figure 
2-2, Chapter 'Two). Most pf the heat losses in 
the greenhouse will be frorq conduction through 
the walls and roof, and from air leakage out of 
and into the greenhouse through cracks. Ther- 
mal conduction- is the procjess of heat transfer 
throu r gh~aT material where there TTs - ^ IrTaterial 
flow. The energy is transferred by the vibration 
of molecular particles and is always transferred 
in the direction of decreasing temperature. 

Thermal convection is heat transfer by the 
movement of materials in i liquids and gases, 
again from a warmer to a pooler region. This 
movement txxurs because, as a liquid or gas is 
warmed, it expands and becjomes less dense. It 
then rises, while the cooler, denser liquid or gas 
falls, • | 

A greenhouse will occasionally gain heat by 
conduction or air leaks injto the greenhouse, 
primarily during the summejr when the air tem- 
perature outside is greater than the greenhouse 
temperature. There will be few such gains^ in the 
winter. 




r (Long-Wave) 
Thermal Radiation 
Emitted 



Material Absorption 
Figure 3 -3 a: Absorption by opaque materials. 



1-ieat Losses through the Glazing 

. i ® 

\|(/hen the shortwave energy of sunlight is 
absorbed by plants or materials inside the .green- 
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Figure 3-2: Convection. 



Thermal 
/Thermal Radiation 
Radiation , 

Warmer 

Figure 3-3b: Heat loss through one glazing iayer. 
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Reradiation ■ 




Glazing Material 



Air Space 



Glazing Material 



Heat is transferred through each layer as 
detailed in preceding figure. But each subsequent 
tyer receives less energy. Some of heat is 
radiated back, so less heat eventually is transferred 
to outside. 



Reradiation 



•.Warmer ^ 

Figure ,3-4: Heal loss through multiple glazing. 

house, part of it is reradiated as_ l&ng^wave or 
thermal energy. Some plastic glazing materials 
are transparent to long- wave radiation as wdjl as 
light; in a greenhouse, using those material V-adi- 
ation losses may play an important role. Gla'ss, 
fiberglass, and acrylics are opaque to, long-wave 
radiation, but are good conductors of heat. In. 
the thicknesses commonly used, the material 
resistance to heat transfer is virtually negligible. 



i 1 ' 



Air films on eacli surface of the glazing provide 
most of the resistance to heat transfer, so 
multiple layers are used to maximize this type 
of resistance. Chapter Four describes the prop- 
erties of different glazing materials. 

The "Greenhouse Effect" 

Were it not for the glazing, heat losses from con- 
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A. Radiation Effect 
oaurs partly because shortwave 
radiation li.uht will pass ri.ulit through 
.class, hul 1oh,l;w,ivc radiation heal 
is absorbed In .class ami a suhsianl'ial pan 
of il is returned to. the interior span-. 




B. Convection cllect 
occurs whc-n greenhouse 
,da/.mi; keeps the warm air 
from rising to l he clouds 
aiul hcin.i^bloWn away by 

u md. 



(.'.. If l here were no meenhouse 
the heal would be blown and 
radiated away. 

Figure 3-5: The greenhouse ejject. 

•vection would make it impossible to grow any- 
thing. The -"greenhouse effect," commonly 
attributed to the fact that glass is opaque to 
long-wave radiation but transparent to light or 
shortwave radiation, comes about primarilyxbe- 
Giuse a layer of glazing suppresses air cprivection 
from the soil to the atmospliere^Y'ou can dem- 
onstrate this by making an enclosure of polyethy- 



\ 

I 



lene, known to be quite transparent to long-wave 
radiation; th.il cnclqsure wt|J warm up just like a 
glass enclosure. , 

Convection and Infiltration 

Within^ the greenhouse convection contributes 
indirectly to loss of heat from the greenhouse by 
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;SlTpIight 



r 1. Plants and ground a.hsorb lijjht and warm up 

2. A i r ''picks up heat anil rises 

3. Air transfers heat to cooler 
surfaces, particularly idazmi;, and 
falls. 

Figure 3-6: Convection in greenhouse in daytime. 



transferring heat from warmer to cooler places; 
for instance, from the soil and plants warmed by 
the sun to the cooler glazing. The* glazing then 
conducts the heat to the outside and also reradi- 
ates it both to the inside and outside. A stratifi- 
cation of air can occur in the greenhouse with a 
pool of warmer air forming nerw the peak, 



Lighter 
Warm Air 




Simple case here usually occurs at ni.uht when there is 
no heat input. During period of extreme overheating 
stratification may be combined with convection. This has 
benefit of removing excessive heat from. plants. 

Figure 3-7: Air strait fii'dtion in greenhouse. 



leaving the lower regions relatively cool (s£e 
Figure 3-6). This occurs because warm air ft 
less dense, being lighter than cold air. It may be 
desirable to set up a forced convection by means 
of tans, to distribute the warm air more evenly 
w here it is needed. More heat is lost outside the- 
greenhouse by convection to the atmosphere on a 
windy day than- a still day. Since outside air is 
rarely still, this differentiation is no| very critical, 
but there are other reasons why youj should place 
your greenhouse in sheltered locations. 

When the wind blows around p. buildjng it 
creates high pressure on the yindward side 1 and 
low pressure on the sheltered side (Figure 3-8). 
Because there is a pressure difference between the 
two sides of the building, air is sucked out 
through cracks wherever there are low pressures 
outside. Since a lower pressure is created inside 
the greenhouse if air is sucked out, out$ide air is 
sucked into the greenhouse through cracks 
wherever there are high pressures on the out- 
side. This inward air leakage is called infiltra- 
tion. Because the pressure difference' between 
inside and outside is greater the harder; the wind 
blows, there is much more infiltration jwhen the 
greenhouse is exposed to high winds* 1 - 

Moving air can also carry water vapor and this 
can contribute 1 '' to the loss of heat from the green- 
house. It takes about 1 ,000 times as'mjuch energy* 
to evaporate a given ..amount of watdr as 
to w arm if up one degree Fahrenheit- If water- is 
evaporated from plant or soil surfaces arVd the 
vapor is carried to a cooler regipn, say/ the 
glazing, it may condense and give off mvkrh of 
that heat to the glazing, which in turn will con- 
duct" and radiate the heat away. Thus, condensa- 
tion on the glazing, besides decreasing the .ability 
of the glazing to transmit light .^felf'contributes 
to heat losses from the greenhouse. The same 
measures taken to decrease conductive and radi- 
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Figure 3-8: I >i fit 'iratioii aimed by difference in air pressnn 



ativc heat losses through glazing should serve to 
reduce the incidence of condensation, since the 
inner layer of glazing generally will be warmer. 
The addition of a second glazing layer not only 
reduces heat loss due to its additional insulative 
properties but greatly reduces condensation and 
resultant losses. 

Heat Losses through 
Opaque Surfaces 

Conduction of heat from warmer to cooler 



regions takes place through- every surface in the 
greenhouse. Most of the losses will be through 
the glazing, even if measures are taken to reduce 
these losses. The rate of heat transfer by con- 
duction depends on the resistance of the material 
to heat transfer, as well as on the difference in 
temperature between the inside and the outside. 
If both/temperatures are, the same there will be 
no heat transferred by conduction, but this is 
hardly the case; in' the wintefc when* you are trying 
to maintain a warm environment for your plants 
against the chill outside. Because heat losses 



42 - - "' ' V v, 

depend on the temperature difference between 
inside and outside, heal: losses from a greenhouse 
may be cons|derablv greater in the upper part il 
the warmer jiir is simply allowed to collect there. 
Heat is lost |hefore the plants are able to benefit 
from it, but lit' the air could be circulated through 
thc_grcxuil.loj.ise, the plants' would benelit. even 
(though the overall iheat loss may be abouf the 

V i 

iune. - I ° ■ 

3 ! 

Heat Loss to the Ground 

There are heat losses through the ground as well 
as; through the walls of the greenhouses. Nearly 
J all the losses are from the edge and heat losses 
through the interior of a slab can be ignored tor 
all .but very small floor areas. This is natural, 
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since the edges are much closer to cold soil than | 
the interior. The temperature of the ground is 
relatively constant at depths greater, than 16 teet 
for the severest climates. Bui there is-also a well- jf 
established frost line. The ground usually does 
not freeze below this line even though it is 
exposed to below freezing temperatures at the 
surface. This is partly because ot the supply of 
continuous, although low (dV to 5 ( ) ° I ; . ) , tem- 
perature heat from deeper in the ground and 
paftlv because there is a delay before the cold 
temperatures Can penetrate and make their effect 
felt at a given depth. This accounts for"thc lag 
betw een the usual time of lowest air tempera- 
tures in January and the lowest ground tempera- 
tures. Average ground .temperatures at different 
depths throughout the -year arc shown in accom- 
panying il lustral ions. 
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Relative. Economics of Some Common Insulation Materials 
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Density ( lbs./ft. :l ) : Many of these generic) types of insulation are available in a range of densities. For a given type 

fewer densities usually have greater insulating value. 
R/in.: Thermal resistance per inch thtcknbssSrs °F. Ft.'-'/Btu. The higher the R, the greater the insulating value 

R values are average values taken from the ASHRAE Handbook of h undamcnlaU . 197 I. 
Cost/bd.ft.: Material cost only for a section of insulation one foot square and one inch thick. Costs are retail prices 

1076. i 

Thermal resistance/dollar spent: R/in. divided by S cost/hdit. The larger the number, the better the buy. 
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Heat Losses trom Evaporation and Transfers of 
Water V apor 



1. .Part ol sun's ener.cv ,coc-> toward cvapor3tm.u watery 
I rum plants, or soil. (One-thousand nines as much 
energy as thai retimed to warm up the water one 
I'ahienhelt decree. ) 

.! Water \apoi carried hv .m umimiIiiiii i urrcnts 

i. ( ondensat ion occurs on cooler surhues. particularly 
.ula/in.u. When condensation occurs, the lieat of 
\ apon/at ion is mven oti and surface becomes w armer. 

o 

i. Warmer surface conducts and radiates more heat to 
outside. 

V If .greenhouse is not sealed well, moist air escapes and 
heat is directly lost to the outside.^ This can be a 
serious source of heat loss in humid, poorly constructed 
greenhouses. 



r 1 



Figure 3-9: l:i\iporitt/rc heat loss 
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, Whe n a heated building is placed over a piece 
of "round, the temperature of the ground under 
the building never freezes, at any deptli, except 
at the edges,, because the building loses a small 
amount of heat to it and the ground is not directly 
exposed to the outside temperatures. A zone\)f 
warm earth also develops as heat is slowly lost 
from the inside (groundwater can carry this heat 
away) . Thus after a long enough period of time 
the temperature in the ground below the green- 
house approaches an average of the inside tem-.. 
perature of .the greenhouse, and deep ground 
temperature. , . '\ 

Proper insulation of the edges of a building 
overcomes most of the heat losses" and allows 
you to take advantage of the' moderating effect of 
the earth's temperature. This is where most 
greenhouses, particularly the prefabricated mod- 
els^ you find advertised everywhere, fail. Besides 
being^totallv glazed, even on the north side, they 
pay little pr no attention to heat losses through 
+he ground." In fact, some designs are ^,0 small 
that the.^, floor area can be considered all edge 
Kpm the point of view of heat losses and the 
groimc^ will" provide no contribution to heating. 
" Greenhouses which are set. on concrete slabs or 
concrete-footing eclge^may be even worse, unless 
insulated, since heat is conducted through con- 
crete more rapidly than through soil (see Chap- 
ter Five) . 



Reducing Greenhouse Heat, 
Losses through Glazing 

'The most obvious way to reduce greenhouse 
losses through the glazing is to reduce the 
amount of glaz.ing area. In the previous chapter 
we have seen to whaLextent this approach can 
be followed, and here we will concentrate on 



— Ground Tomp. 
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Figure 3-10: Average monthly temperature 'varia- 
tion with soil ^depth (£. Bowers, 
University of ininnesold)-. 



how to make the necessary glazing a more effec- 
tive heat retainer. 

Radiation losses alone are not usually an im- 
portant factor in- heat losses except if polyethyl- 
ene is used, but the effect of the conduction and 
reradiation of heat from glazing once it has 
absorbed heat from convection, or radiation can 
be minimized in several ways. Multiple layers 
of glazing reduce the amount of heat ultimately 
transmitted through the layers to a ■minimum, 
because the trapped air spaces and air films on 
the surfaces inhibit both conductive and convec- 
tive losses while radiation from 'each layer to the 
next outside laycf decreases- with decfeasing-tefny 
perature of the glazing layers. The use of layers 
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Figure 3-1 la: Heat loss- -uninsulated jo/nidat ion 
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Figure 3-1 lb: Heat loss -insulated jo/indation 
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reduces heat losses through glazing to about one 
half the losses through a single layer. In all But 



R-Value 

Insulation works to decrease the flow of heat 
through a material, such as the greenhouse 
wall. The measure of how much resistance a 
material has is called its R-value. The higher 
the R-value, the more resistance a material has. 



Box 3-1: R-Vdltie 



the mildest climates you should use at least two 
layers of glazing in your greenhouse. 

The only reason to have a glazed surface is to 
admit sunlight iiito your greenhouse. Do you get 
any surr at night? Of course not; the only thing 
glazing does for you at night is lose heat, and it's 
very good at that. The most, effective method of 
reducing glazing heat losses, and- overall green- 
house heat losses is to use some type of movable 
insulation, during the nighttime or even during 
periods of extremely low temperatures and low 
liyht intensities. 
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Figure 3-1 Id:. Heat loss— pit house 
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" You can cut total daily heat losses through 
double-glazing by a mininuinVof one half if you 
useMiighttime movable insulation equivalent to 3 
inches of fiberglass or 1H inches oPStyrofoam 
for 14 hours each night.. You could "use it for. 
even longer periods in December in most north- 
ern locations. If your local weather requires you 
to u^cmore glazing because of -a high proportion 
of cloudy days, or if the average outdoor winter " 
temperature is less than about 30° to 35 °F., it is 
usually necessary ta»use movable insulation, even 
if- you have two layers of glazing, so that the 



glazing will be a net producer rather than a net 
loser of energy. (For an in-depth discussion of 
glazing s sce Chapter Four.) 

Movable Nighttime Insulation 

Taylor and Gregg describe rather simple meth- 
ods of nighttime insulation using rolls of canvas- 
covered insulation unrolled down on the green- 
house at night and rolled up again in the 
morning, These -must be made secure against 
wind, and if.it snows at night, they may be diffi- 
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Photo 



Sl]f()j<'hi))i nisuhitnig panels: attached pit . Miluaiik.ee, 



ISCOIISIII. 




cult to roll up again. Locating the- insul^tion on 
the inside, while avoiding these problems, does 
present some new ones. ( Acxlririulatiims of 
snow during the night will .slide off the roof 
when it begins to warm 'up after the insulation 
is removed,- and in the meantime, the snow does 
transmit some light.) The insulation must 'be 
held up in \\\.$.c. rather than -being draped, ..arnj. 
if removable, whether panels, batts, or rolls. 
^-•--n'rewH k 1 - s t ored , somewhere. Tight-fitting insu- 
lation is preferable to drapes since drapes do not 
i-do a very good job of combatting cohvective 



Photo 



Moidble L/ntcinl in idnunercial creen- 
hoiise.^ Pen ii \ )li una At an I K nn c n>/) 



losses. If movable or adjustable shutter 
louvers are used there must be sufficient c 
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Photo 3-4: Bends filling air ipace between glaz- 
ings.. 

ance for-.them to operas, as well as mechanical 
means for adjustment arid locking them in place. 

Although it makes use of rather sophisticated 
technology, ithere is one recent breakthrough in 
greenhouse design which deserves mention here. 
This is the Beadwall system of nighttime insu- 
lation.. Developed by Zomeworks in Albuquer- 

Photo 3-5: Beads in place. < 




que, New Mexico, the Beadwell method uses 
the dead-air space between the two layers of 
glazing as a nighttime storage area for thousands 
of tiny plastic "beads." Used. by the plastics 
industry as , the basic "building block" for such 
products .as disposable coffee cups, the beads are 
normally forced together under heat and pressure 
to form the product concerned. Zomteworks uses 
these beads in another way. A powerful electric 
motor which can be used as either a .vacuum or 
blower is connected to the air space between the 
glazing via a length of ductwork and a storage 
container. At night, when insulation is desired, 
the motor blows thousands of the tiny bead* into 
the air space until it is completely filled. In 'the 
morning, the motor reverses itself, becoming a 
vacuum which sucks the beads out fi?om between 
the glazing and back to the storage cannister. 
While very effective, 1:Jiis : ' tends to be a rather 
expensive system. . » 

Removable interior insulation can be fairly in- 
expensive if it consists simply' of panels that can 
be clipped into place at nlight and easily removed 
come morning. The panejls could be made of Sty- 
rofoarti or other rigid insulation, possibly backed 
•with Masonite or plywood. Storage of the panels 
might be a problem in a small greenhouse. 

An advantage of permanent insulating 
shutters or louvers is that they also offer a means 
of sun control- in the hotter months. Removable 
..panels . ar,e , .ba&oUly. , AU, . p,n, , or, „ off, .proposition,, 
whereas louvers could be adjusted! or installed 
to cut off direct sunlight while still allowing a 
good deal of direct light.' For .gun-control pur- 
poses alone, Venetian blinds would' be an excel- 
lent: device, and* are readily available, but^wquLd 
have to be used-in conjunction with some other 
meiixxi so -achieve tiny insulating value. — - - - 

Many greenhouses are made with aluminum 
frames; since aluminum conducts 250 times as 
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miich heat a£ the same thickness of glass for the 
s4me period of time, the amount of heat lost 
/through the aluminum frame of a glazed surface 
j- can be .as gr^at as the amount lost - through the 
1 glazing! itself For- this reason, .wood frames are * 
preferable to metal. If you must use metal, or 
wish to improve a metal-fframe greenhouse you 
already; have, you should insulate the glazing 
bars so that | they don't serve as "thermal 

bridges?." (See Chapters Seven, Eight, and Ten 

for .additional details on night curtains arid 
shutters. ) . - . 

Reducing Conduction Heat 
Losses through Opaque Surfaces 

Heat losses by cdn^victiori, through the surface 
outside of the greenhouse, can be reduced with 
insulation. In fact, insulation serves \.o decrease 
the flow of heat, which is expressed/m. .JR-value 
( Box 3-1 ")'."" There are several different types of 
insulation available today, and eaclyhas its appro- 
priate u*se. The least expensive- insulation per 
unit of insulating, value is fiberglass, either batts 
. or loose fill. JecJck wool and cellulose-fill insu- 
lations are, nearly as cheap per unit of thermal 
performance. The ' board-foam insulations, al\ 
though the most /effective per inch of thickness, s 
are also the "most expensive per unit of jn- 
suIatingiVafue; they do possess properties^wjiigh^,. 

" '' make" "their use superior to fiberglass \ or other 
'/msulationij^rr certain circumstances. Anywhere 
above ground, not in contact with moisture, and 

— where- space is no limitation, fiberglass batt or 
'fill-type insulations are suitable and should be 
used. V , 
, _ In contact with ^rjoujidj^hexe jlioisnire .may- 
be "a problem, where pressure may crush in- 

> sulation, or ;where space is a critical limitation, 



you need a strong water-resistant insulation. The 
foam, boards obviously find their place here, 
despite their expense. It is Reported that some 
types r of foam are eaten by carpenter ants, so 
appropriate metal flashing should be- used . to 
protect it. The different types of foam insulation 
are expanded polystyrene (commonly knojwfri as 
beadboard), a low-density board composed of 
smsdl white Styrofoam pellets molded together; 
extruded polystyrene, a solid, usually blue, foam 
board, apd extruded polyurethane, similar to 
extruded * polystyrene but of a finer texture. 
There are also foams which can be applied on" 
site frorn a mixture of chemicals; "these, are 
usually installed by dealers only. 

The major disadvantage of the board foams, 
besides their cost,' is that they are either flamma- 
ble or give off toxic fumes when-heated; the only 
truly safe place to use them is where they cannot 
burn or'be exposed to high heat, underground, 
as foundation insulation, for instance. Fiberglass 
does not burn; although the paper] or foil backing 
\ is flammable, it would not contribute much to a 
\fire already underway. Cellulose fibers are usually 
treated with a fire-retardant. 



Earth as Insulation 

The earth itself, "if not wet, can also be an effec- 
..ii^e insulator, v.Althougii-iTo.t-as..efIecti.y i e. jjer fpch 
of thickness as artificial insulations (it takes 
about\24 inches' of dry loanTto equal the per- 
formance of 1 inch of fiberglass ) , earth is often 
a convenient and inexpensive insulator, provided 
it can be kept dry. If there is much groundwater 
or a high' water table, the 'movement of -cool- 
underground water could remove large amounts 
of heat from an uninsulated structure', and 
render the earth as having no insulating value. 
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-Proper .building drainage and diversion of run- 
off- from the roofs can minimize wetting of the 
earth to. a limited extent, but ! if the water table 
is high, you would be wise not to count on the 
earth for insulation. The u°s£ of earth berms does 
not by itself allow the greenhouse to benefit from 
ground heat, but the berms' simply act as insula- 
tion against outside temperatures beyond (see 
Figure 3-llc) . 

Reducing the Temperature 
Difference between |nside 
and Outside 

Another' way to, reduce the amount of heat lost 
by conduction is to reduce the difference in tem- 
perature between the inside of the greenhouse 
and the outside. To do this you could consider, 
maintaining your greenhouse at lower average 
temgejratures and then grow plants that respond 
to this; environment. Also, by setting the green-, 
housejdeep in the ground, you could place part 
«f"'riie greenhouse adjacent to a "warmer" out- 
side temperature, thus reducing the rate of heat 
loss. ^Of course, if you attach your greenhouse to 
your house or other heated buildings you will 
achieve th'e same results. 

" "Sfnce "tire air inside a greenhouse may easily 
overheat during the. day, often excess heat must 
be ventilated to the outside (or to the house, in 
the case of an attached greenhouse), and the 
heat dosses through conduction ar.e higher than 
usual because of the greater difference between 
o.utside and inside temperatures. High ventila- 
tion rates greatly increase water losses, which is a 
factor in dry climates. While daytime conduc- 
tion losses - during overheated periods do not 
have an -immediate deleterious effect on the 
greenhouse environment, if heat will be required 



later at night it would be preferable to keep as* 
much of it as possible,.. The heat must be re- ■ 
moved 'from the air to storage if conduction 
losses during these periods are, to be minimized. 

Reducing Infiltration and 
Ventilation Heat Losses 

Greenhouses have .traditionally been constructed 
rather loosely because of the need to provide 
adequate ventilation by natural means. By pro- 
viding enough cracks there would usually be 
enough , air exchanged, ' but a solar greenhouse 
requires control over air flows in order to take 
full advantage of the heat the greenhouse 
receives. 

The first thing to do to reduce losses from 
convection is to control air infiltration. All joints 
where air can get into the greenhouse, including 
glazing/ sills, door frames, corners, etc., should 
be carefully caulked and weather-stripped, and a 
continuous vapor barrier of four- or* six-mil 
polyethylene should be installed; use as large a 
sheet as possible to avoid joints and cut out 
openings'for doors, etc., after installing it. The 
use of large pieces of acrylic, fiberglass, or 
plastjc fprjjje^.glazm^ 

for purposes of strength must be installed in 
relatively small pieces), would help to. reduce 
considerably 1 the amount of caulking that must be 
done. • 

You can also reduce the amount of infiltration 
your -greenhouse experiences by reducing the 
surf ace area exposed to the outside. A pit green- 
house, an attached greenhouse, or a greenhouse 
with earth herms will do this. Since' houses are 
usually heated, an attached greenhouse would 
have the added benefit of being able to tap the 
warm air in the house in an emergency. 
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Glass — Too Many 
Potential Air Leaks 



Large Sheets of 
Plastic including' 
Fiberglass, Acrylic- 
only Edges Are 
Potential Leaks' 



Figure 3-13; infiltration. 
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You can also reduce the need for ventilation. 
There are two major reasons to ventilate a green- 
house. The most wasteful is to eliminate heat 
' buildup in the greenhouse, since, most green-' 
houses have no provision for storing excess heat. 

; You should definitely provide some means for 
removing the heat from the air without venting 
It to the atmosphere, in order to store it for 
future use (see Chapter Pive). The second 
reason for ventilation is to assure an adequate 
supply of carbon dioxide to the growing; plants. 
Of course, an attached greenhouse shares a 
natural venting relationship" with the house. ; 

I can't say how much ventilation the plants in 
your - greenhouse will require, since carbon 
dioxide requirements depend on the rate of 
grovfth and on the heat available and the plant 
species. During periods of low temperatures, 
such as at night or on cold cloudy days in an im^ 
heated greenhouse, the requirement for carbon 
dioxide will probably be fairly low. Carbon 
dioxide requirements are directly tied to light 
levels since photosynthesis uses both. At night, 
carbon dioxide is given off by the plants and if 
respiration exceeds photosynthesis due"' to low 
light- levels, carbon dioxide <may , be released as 
well. It; has been suggested that attaching a 
greenhouse to your home would set up a sym- 
biotic relationship between ' plants as, oxygen 
producers and people as carbon dioxide ' pro- 
ducers, but people do not provide^quitej enough 
carbon dioxide for a roomful pf'rapidly growing 
plants. ' ' . ' / ( 

The New Alchemy Institute claims that soipe 
of their greenhouses are -absolutely^airtight and 

'• that because they never sterilize their soil, and in 
fact, encourage many microorganisms and ani- 
mals such as frogs to live in the greenhouse, there 
is always an adequate supply of carbon dioxide to 

^ the plants. \ 

\ > i 

\ ■ 
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Rabbits, fish tanks, and burning cagjdles all 
have been demonstrated to increase cafbon dj- 
oxfefe levels enough to be significant. The in- 
clusion of a compost pile within the greenhouse 
has also .been suggested as a means to provide 
carbon dioxide "as 3 well as heat. The. subject is 
complex and. poorly researched to date. (See 
Chapters Thirteen and Fourteen for further dis- 
cussion. ) It is complicated by the fact that plants 
use carbon dioxide only durmg photosynthesis, 
and produce carbon dioxide and use oxygen 
during the night, 'so the plants- themselves ma)^ 
pppduce some of their own carbon dioxide. The 
chapters on plant . physiology will give, you a 

■ better understanding of the carbon dioxide, light, 
and heat requirements of your plants. 

Some air movement is desirable in the green- 
house, to avoid humidity buildup around the 
.plants and. to break up the resistance of the 
boundary layer of air on plant leaf surfaces, 
which inhibits the.transfer of carbon dioxide and 

■ water vapor. Air movement can be generated 
within the greenhouse, and may be associated 
with the removal of heat from storage. 



Air Lock 

An air lock at the entrance can also reduce the 
amount: of cold air introduced directly into the 
greenhouse*. If you can't provide an air lock you 
should at' least place the entrance on the leeward 
side of the building. A small antechamber will 
prevent strong gusts of cold air from reaching 
the plaints, and will reduce the overall amount of 
air infiltration around the door. It also provides 
a handy place to keep tools; An attached green- 
house can be entered directly from your house. ■ 
After all measures have been taken and you 
stUl need to provide additional ventilation, a heat 
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exchanger could be used. There are sophisticated 
and . expensive heat exchangers on the market, 
but it would probably work just as well to pro- 
vide a two-chamber rock box, through' one half 
of wihich the air is exhausted for a period of 

t time, while air is drawn in through the other 
half. After a certain period (only experience 
and local conditions/temperature will determine 
its length) the exhaust half wilf become rela- 
tively saturated with hea.t and' the direction of 
flow is reversed. The incoming air now picks up 
the heat from the wirmed rocks, while the 
warmer air heats up the now-cqol'side. It must be 

, borne in rrynd that the efficiency of this heat ex- 



changer is probably not high, and that it will only 
be effective if all other infi^ratipn and air leaks 
are controlled. 

Surface to Volume Rjatios 

A small, freestanding greenhous| will lose more 
heat per unit volume thjLnjijLarger greenhouse 
This is because the smaller the greenhouse is, the 
larger the ratio of its exposed surface area to its 
volume. "J?o,r example, a box, 5 feet on each side, 
sitting on 1 the ground has a^surfacejirea exposed 
to the air of 125 square feet and a volume. of 
125 cubic feet, for a ratio of 1 square foot of 
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Airlock keeps 
winds from plants- 
provjd.es.stprage . 
space outside of 
greenhouse proper. 
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gure 3-14: Airlock. 
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surface to 1 cubic foot of volume. On the other 
hand, a -box 10 feet on each side has ^500 .square . 
feet of exposed surface area and 1,000 cubic; 
feet of volume, for a surface, volume ratio of 1 
sqult-rc foot per 2 cubic feet of volume. 
• Larger structures notjonly have lower surface 
| to volume ratios, but iA addition^ the air tem- 
iperature inside is less affected, when/the door is 
'opened, since the amount of air tharc is changed, 
iri proportion to the entjre Volume, is much less. 
It! is easier to maintain a relatively constant ; tem- 
perature with the larger "volume of air. If at^ll 
[possible, smaller greenhouses should be built 
/attached to heated buildings in order to -off set the 
disadvantage of size. A shared community-sizecl 
greenhouse, if built freestanding, would have a 
definite thermal advantage over'sdveral indepen- 
dent freestanding greenhouses. " t 
The cbst per square foot of gtov/'mgr&tin. 
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for the different parts of the greenhouse. But 
the glazing^should be tackled first: 

Using the basic rules of thumb found in 
Chapter Two, we have developed a greenhouse 
"model/s which is presented in Appendix Three, 
to illustrate thfi effects- of . iifsulation alternatives. 
A specific application of that procedure follows 
If we start with an unmsulateskprtructure, 
single-glazed^ we can cut conduction heat losses 
34 percent by installing a second layer of glazing. 
■ On the other hand, we 'would cut heat losses t§y 
only 28 percent by, using 3% inches.; of fibergla;s 
on the north wall. Ideally! we should do both, 
thereby^ducing the\ total conduction heat. loss ^. 
by 62 p 



j^ducir 
Irtfc 



wot,rid 
house, 
lower, 
larger 



also tend to decrease with a larger green- 
since the surface area to volume ratio is 
This ('is partly offset, however, by the 
structural members necessary in large 



greenhouses." 



Summary 



" The most important thing to 'do in your green- 
house is to reduce .the heat'lbsses i&rqugb-t-he 
glazing, since that is where most losses will occur 
weH-cqhstructed building. We have already 
-Leakied '(jiiL. Chapter JT\vo^ how we can design 
the greenhouse for the optimum amount" of 
glazing *altd what shape fo make" it. Even iri a 
greenhouse of the proper shape and the right; 

' amount 6f glazing, over 60 percent of conduction 
losses v^ill be through the glazing.; It is also im- 1 
portant to insulate the opaque walls as well, and 
to keep a balance betwedn the insulation used' 



Now if we zompare the relative losses through 
the different surfaces, we find that the glazing" 
is about 77 percent of the reduced total, so what 
we do to improve the^ performance of the glazing 
»will have a significant effect. We have several 
options to further reduce losses; we can build an 
attached or pit greenhouse, "which reduces the 
amount of surface exposed to outside air, or we 
could add insulation to the opaque walls. We 
could also devise and use some type of night-' 
Hme insulation on the glazing. We could do any 
one or any combination of these, but let's, look at 
the relative benefits of each. . j 

The firsfo V-i inches of insulation improves the 
thermal performance of uninsulated, walls by a 
.. factor of 4; the next 3 ] /2° inches Irings about a 
further improvement of only^a^Jactor of two. • 
For an example, the greenhousevvjith 3% inches 
of fiberglass lost only aboutl 30 Btu/hr./°F. 
through the, walls; with 7 IjMftes it would save 
' an additional 15 Btu/hr./° jMm f 

If vv'e attached the greenhn^j td our house we 
would effectively eliminate heat \Josses through 
J* approximately one half of the total opaque o .wall 
area. (There may be gains through this wall, but. 
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If. you have a squth-fiacing slope available, .you can build - 
your greenhpuse rigrit into the side of.-the hill. -The floor 
of the greenhouse can slope to the south, or-it can be • . 
terraced, depending v on the width of the greenhouse and 
*he original slop'eV^With this arrangement the greenhouse 
would receive the benefits of a large earth ierrn An-trje * 
hillside, and the area of the greenhouse exposed to the; - : 
.outside. air would be greatly reduced. r 
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— - Ground 
Level 
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1 5 : Sloping sites. 
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for the time being we will ignore them.) This 
will also result in a savings • of about 15 
Btu/hr./°F. 

Our third option is to provide nighttime in- 

jsulation over the glazing. If it is used for 14 

.-] hours each night during the winter, it can save 
over" 45 Btu/hr,/°F. op the average, or three 

"ftimes what either additional insulation or attach- 
jing the greenhouse can do. " ■ 

• Of- course, there are other ..considerations 
jinvolved in making these choices. Addirtg" in- 
sulation requires that fou have the space avail- 
able, but. its Cost would be low. An attached 
greenhouse, .although saving a heat, may also cut 
down on the amount of sunlight received by the 
greenhouse. Oil the other hand, it can provide 
very convenient. and reliable heat storage in the 
house. The nighttime itjsulation ( whjJ^cTearly 

. making a significant co'ntributior>--ttf the reduc-' 
tion of - heat losses ) J JjL-aiso"fhe most/ significant 
cdntribu^b!T"to*^liej:eduction of heat/ losses, and 
lis the most expensive options Remember, ho\v- 
'ever, that it is almost always easier, and cheaper 
'to do something :during initial construction than 
!to add- it later. The labor required for insulation, 
|in particular, is. no 'greater for 6 inches than for 
13 W inches'. 



' At a minimum, the! greenhouse should be« 
insulated' with the equivalent of 3M> inches of 
fiberglass, and up to about 6 inches in the cooler 
regions. For. house construction^, up to 6 inches 
ojf insulation in walls and 9 inches in ceilings will 
p|ay for itself in, at most, two to .three years. 
Greenhouses would probably not exhibit quite 'as 
good payback periods because tlie temperatures 
ate lower, but six inches is still a good amount to 
ujse'. The foundation, -down to frost line, must 
also be insulated -with 1 or 2 inches of foam if 
ypu .expect' to make effective use of the ground 
for heat storage. ^ 
' Any location with a climate cooler than about 
Washington D.G.'s should use double-glazing, 
whether or not some form of nighttime insula- 
...tion. Is used. 'I would also highly recommend the 
use of the nighttime insulation if your area is 
cooler than Washington D.C-., or if you are in a 
warmer area, and only ufing single-glazing. T „ 
r From the standpoint, of greenhouse perfor- 
mance alone, small greenhouses would be much 
jietter if attached to a heated building. By small 
J : mean something smaller than 100 to 200 
square feet, depending on the -climate. Of 
course, the larger- an attached greenhouse is, the 
more heat it can contribute to the house. 
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The most important and complex elemeit in a Single Layers 

solar greenhouse is the- glazed wkll, Mary solar ' . . 



greenhouses and-'Other-totlectors 'have failed be- 
cause the) glazing system was ill-conceived or 
otherwise inadequate.. .1 

The glazed wall is multifunctional. It permits 
solar energy to pass through the structure to 
energize the plants through the process of phota- 
syftthesis. Photdsvnthesis' uses less than five 
percent of the available energy. The remaining 
energy not reflected out of the greenhouse is 
converted, by absorption arid reradiation within 
the greenhouse, info long-wave . (infrared) heat 
radiation and heated air. 

As shown in Chapter Three, the primar.y..pur. 
v pose of a glaring is to pass solar energy and 
prevent heat fij§.m 'leaving. For this .purpose the 
ideal* glazing maximizes the transmission o, 
shortwave solar radiation _ and Ijsirii'taizes. 
transmission of both long-wave infrared radi- 
._ajjfljtijj^^ Secondary 
desirable properties for a glazing are: good 
weatherability, , resistance to stress (fracture and 



A. Maximization of Solar Transmission ■ 

Reflection of solar light from the glazed surface, 
cofttributes to low solar transmission. All com- 
mon glazings, glasses, and plastics, reflect 
a roughly two to four percent of the solar light at 
each surface. Since each glazing. has twb^sur- 
faces, the total reflectance (which refers to the 
fraction of light reflected), amounts to about four 
to eight percent when light perpendicularly 
_ strikes' the surfaces. As the light strikes the sur- 
face more and more away from the perpendic- 
ular, the percentage of reflection increases slowly. • 
iut ..beyond about 45° from the perpendicular, 
/the reflection increases rapidly until at 90°, the 
percent reflection is 100 percent. For most clear 
glazings used in solar applications,- reflection- 
.constitutes 

: Usually greenhouses should be designed so that 
most of the sun's light strikes the glazeS surfaces 
at less than 45° (see Chapter Two) 5 .Without 
special, expensive coatings, the inhefent reflec- 



TeaT) and abrasion, low . cost, easy installation, 
and 'low maintenance. *. ' ■ V 

This chapter will evaluate the .primary and" 
secondary desirable characteristics for glazings 
commonly available to you for both single and 
multiple layers. \ - ' 



tion cannot be avoided. 

A relatively : new, but very expensive glazing, 
Teflon, has an extremely Tow reflectance, while 
Mylar has a relatively high reflectance. ,The rest 
of the common materials discussed in this chap- 
ter have reflectances between these two materials. 
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Impurities within a glazing material can 
absorb solar light causing additional reduction in 
transmittance. Generally, glazings have very low 
absorptance (which refers to the fraction of light 
absorbed) when new, but some (plastics, in par- 
ticular) can and do acquire high ab'sorptances 
as they deteriorate in the/ sun and weather 
elements. / : ' 

In glasses the absorption occurs primarily from 
iron impurities. G|ass which ^'looks'' green on. 
edge has, many iron impurities; glass which' 
"looks" blue (Jin edge has few iron impurities. 
The latter is commonly called water-white glass 
and has the lowest solar-light absorption, When 
glass is used] many > solar aficionados prefer 
water,- white glass, but cost and availability usu- 
ally convince most of us that we don't need it. 
Generally, common window glass has a suffi- 
ciently lo\y absorption to constitute an effective 



"lazing. 



For -plastics, the absorption occurs not from 
foreign impurities per se but from plastic mole- 
cules which have changed their structure with 
respect toi their neighbor. Whereas the length 
of solar. exposurcfxloes not affect the absorption 
properties of glas^, light (ultraviolet- in partic- 
ular)" and ozone will increase the^ number of 
"destructured" molecules in the plastic leading to 
increased light absorption and deterioration of 
strength. ( - 

Some plastics are more sensitive than others. 
The polyethylenes, acetates, mylars, '/ind vinyls 
are sensitive to ultraviolet degradation. On the 
other hand. Teflon and Tedlar are mu ch less 



materials to follow, the effects of reflectance and 
absorptance are combined into the measure of 
transmittance. ) The transmittance for new ma- 
terials will be rated in Table 4-1, column A. The 
! weatherability of the material will be separately 
rated in Table 4-1, column D. . • ■. 



B. Minimization of Infrared 
Radiation Transmission 

Infrared radiation can be transmitted, absorbed, 
and reflected when it strikes a surface. Ot course 
for the purpose of keeping heat "in the green- 
house, the worst materials transmit the infrared 
radiation and the best reflect it. Unfortunately, 
there are no common materials which transmit 
both solar and reflect infrared. Work performed 
at Massachusetts Institute of Technology shows 
that coatings, stich as tjn oxide, transmit-solar an,d 
reflect infrared, but they are very difficult, and 
therefore probably .expensive:, to apply tQ'-STj^b- ' 
strates such'. as dass and" plastics. Therefore," we 
are left, with the next best frTaterial property: ab- 
sorption of infrared radiation. When infrared 1 
radiation is absorbed by a thin material, the ma- 
terial heats up and reradiates that eneYgy (in the 
infrared) jn the forward and backward direction 
as : shown in Figure 4-'l-. The result is that roughly 
half of the incoming infrared radiation is pre- 
vented from passing through the material. 

For- all the common glasses and plastics (un- 
c-oa'ted), their'interaction with infrared radiation 
lies somewhere between the worst and better con- 
ditionsvshown iilvFigiire 4-1. 

In normal thicknesses glass absorbs / 10 



.sensitive. The fiberglass and,»cxylics also arefless 
sensitive (-primarily because they have been, 
weatherized or protected at the factory) . ^ 

In .summary, you should choose material's 

which have low reflectance and-absorptance, of 
conversely, high transmittance. (In rating the 



percent of the infrared., while thin plastic sheets 
transmit a great deal of if. Polyethylene in four- 
mil sheets (one mil equals one-thousandth of an. 
inch) transmits over 70 percent (absorbs 30 
percent)" of the infrared which strikes it. Acetate 
( four mil) .' on the otherdiand, transmits only- 8 
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Figure 4-1 : Three ways infrared radiation interacts with a glazing. 



percent (absorbs 92< percent;.), making it very when you {he^r 'that a thin material significantly 
■ajtj^active ff&'m this standppinK^'A4i-t^,5ther reduces Jiejit flow, be wary. ^ ' 

Actually, it.is the creation of large deaif-air 
spaces with multiple layers of glazing that gives 
-tKui'spa.Tent~ - wails significant resistance • to the 
conduction of heat. . 



tS'ittn plastics rated in Table 4-1 lie between these 
tiwp extremes,. „ 

' Thick plastics on the other hand (40-mil ojr 
greater) absorb almost all the infrared radiation. 
In this respect, . then, thick acrylics, polycarbo- 
nates (Lexan), and fiberglasses are equivalent to 
glass. 



C. Minimization of Energy Transmitted 
w,. , from the Heated Air . 



D.'Weatherability 

In many respects, glass is virtually inert to the 
sun and the elements, 'hail and birds being some 
of the exceptions. Plastics will deteriorate with 
exposure overtime both in splar tra^smittance* 
As* shown in 'Chapter Twoj energy fcqm the and strength. Thick plastics .will remain' strong 
heated air within the greenhouse is transmitted — longer, however. 7 ~r r 
by convectipn_to the inner glazing surface "and Weatherized versions of all the plastics are 
passed -by conduction to the outer glazing sur- available, and for economic and environmental 
face where it is lost again by convection. Since reasons they should berused. Some have guaran- 
glazings are usu ally quite thin, the effect of- the tees; mal-p gm-p ymi rpaH and nnHprd-anH them. — 



material on the rate of conduction is virtually 
negligible. It is the dead-air film next to the sur- E. Resistance to Stress (Fracture 
faces which gives some resistance to the heat " and Tear) and Abrasion, 
flow, and -this has nothing to do with- -material Glass has a. low resistance to fracture, but good 
properties: This is true for the thicker glazings abrasion resistance. The' thick acrylics, poly- 
such as glass, acrylics, and fiberglass as .well. So carbonates, and fiberglass have good resistance 
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to stress and a generally low resistance tojabria 

•' sion. But in this connection, very few- environ- 
mental conditions (dust storms) will 4ead to 
significant abrasion. . : . • - 

"For the semirigid materials, more effort must 
Be taken to prevent wind flap which could lead to 
tearing and pulling loose from .supports. 

The tjhjn flexible films are. particularly subject' 
to fracture and tear. Therefore; they should not 
be ..exposed to environments of undue stress-. t 

. Nevertheless, some of the thin plastics .are- very ' 
strong: -Mylar, Tedlar/ and vinyl. Polyethylene, 
and. Teflon will not tear easily but. -will perma- 
nently deform under stretching. Acetate is brittle 

• •■and tears easily. This material should be used 
only under special conditions, such as a second 
inner .glazing protecte"d' by a rigid outer glazing. 
" (The specific greenhouse • case stud res cited in ' 
Part II will explore .a range, of glazing Materials ■ 
used in many regions of the country.) 

The strength of the, material will' indicate: the 
best way folittach it to a support: nailegV stapled, 
or glued. For. example, acetate is so brittle that 
you should glue it to a wood frame which in turn 
can be nailed to a rigid support. >his method 
was used in the ..Flagstaff greenhouse (seeXhap- 
ter Eight). The fiberglass sheet is sufficieVitly 
.strong enough to be nailed ,to its .support; 
f. should be taken" to predrill slightly oversized 

"~ho"les'"lff "the fiberglass" before final nailing. It 
appears, however, that screws will work better 
than nails to permanently, secure, the outer 
glazings. . A neoprene gasket should be placed 

— . bet-ween-tlie screw -(-er--nail) - so thatthe-fiberglass 
is not shattered- upon, securing with a screwdriver 
or hamrner. Some plastics, such as polyethylene, 
' can be stapled directly to a support if used as an 
interior glazing. Generally, it is better to, pro- 
vide a wider surface of support by clamping and 
nailing with strips of wood -or metal. 



TnaiiyTT^u shoulfl choose the securing system 
that seals easily and one that is permanent. 

, F. Low Cost ^ " 

The least expensive' glazing may not be the best 
when you consider the material's weatherability. 
.Certainly^ polyethylene is the best buy of any 
glazing, but if you have to replace it every six 



months (if used as an outer glazing), the total 
cosb( your labor included ) can bcvery high over 
the long term. . \. .. . 

Of the rigid " materials, ( polycarbonates 
(Lexan). are by far the most expensive .($2.50 • 
"per square foot )" followed by acrylics arid "glass. 
On the other hand, the semirigid materials are 
not inexpensive. - The: semirigid fiberglasses 
specifically made for greenhouse exterior glazing 
run from 40^ to over a dollar per square foot 
depending on quality. 

• There are usually various grades offered by any 
one manufacturer. The grades refer to the guar- 
anteed solar trans'mittance for a period of time. 
A typical manufacturer's- guarantee might read: 
"Our A grade is guaranteed to\have 92-pert?ent* 
solar trarismittance and not to drop below 95- 
percent of the new value at the end of ^ 5 years." 
'There might also be a rider which says something 

• like, "Length of transmittanqe guarantee is re- 
"duced to 10 years in the' southwestern United. 

States, specifically,' Arizona, New Mexico. . . ." 
and so on. Make sure you understand the limi- 
tations and consider them in the overall cost. 

You can purchase a very-good quality, semi- 
rigid glaz ing- for about 50^ per square foot, v 

The thin flexible films vary considerably in 
cost from a few cents per square foot for poly- 
ethylene to over 40$ per square foot for Teflon. 
You should choose the - least . costly with the 

* highest infrared abs.orptance and install it as an 
inner glazing. 
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Figure 4-2: Definitions. 
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Figure 4-3: Glazing i^gjdss) with window stop. 
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Figure 4-4: Glazing^(glass) with batten strip. 
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G. Ease of Installation and 
Low Maintenance 

Glass can be very difficult to install and seal in' 
an inexpensive greenhouse. Large sheets of glass 
will be subject to breakage as the supports move 
with changing humidity and temperature. Ex- 
cept "fof Jareakage, rigid plastics have problems 
similar to glass. * 

Most rigid materials, such as glass and thick 
acrylics,, have limited' structural usefulness; the 
"bulk of the structural load will be passed on tt> 
the main members^ such as the studs. If th^pan 
between the structural members is increased; then 
the thickness of the rigid glazing will have to be 
increased. Usually the manufacturer will give 
recommended loadings and span criteria to help 
you with your construction. 

Glass, though quite beautiful when clean, is a- 
difficult material for the owner/builder t,o handle 
successfully. The best configuration -for glass is 
in a vertical position, where it is easy to seal and 
^'here it provides the most structural benefits. 

In optically clear overhead situations, such as 
in a skylight, the rigid acrylics (clear) are more 
advisable. These can be fastened (screwed) to 
the structural members and caulked or gasketed 
: to assure a weathertight seal. The rigid "acrylics 
are about five times, lighter than glass and won't 
break as easily. Accordingly, this material might 
have usefulness in. situations where people, for 
aesthetic reasons, want to see out of their green- 
houses and' at the same time desire -a more 
impact-resistant material than glass. 

Of more significance to. the owner/builder are 
the semirigid glazing materials, of which 
fiberglass-reinforced plastic (reinforced fiber- 
glass) is recommended. The flat sheets of rein- 
forced fiberglass are preferable to the corrugated 
variety because they offer at least 1 6-percent less 
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Figure 4-5: Glazing for therm of ane. 
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Figure 4-6: Fiber glass — single-glazing. 
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Figure 4-7: Fiberglass-— double-glazing. 
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Figure 4„-8 :i Fiberglass— double-glazed, alternate-method 



surface through which the heat can escape. This 
flat material' is lightweighj: and comes in four- or 
five-foot widths and a-''standar,cl length of 50 feet. 
Reinforced fiberglass , can be l'u til i"zed TrfSt flat 
rigid sheet and in certain situations can be 
-"'distorted" like a membrane film. This type of 
material ' has the best impact-resistance, record 
and won't shatter. Idealfy, it can have the same 
lifetime as the structure, which should be: at least 
•20" to 30 years, y ' 

For the owner/builder, this glazing [material 
offers many advantages: design possibilities, 
permanence, low cost, ease of fabrication arid 
maintenance. Importantly, reinforced fiberglass 
is a very easy material to work with. Unlike 
glass, reinforced, fiberglass eliminates "hot-spot" 
problems in the greenhouse by diffusing the, 
light, which makes the light ..more .readily avail- 
able to plants, in the greenhouse environment. 
\ Reinforced fiberglass can be cut with a pair of 
metal shears and can be secured with a) hammer 
or screwdriver. Sealing can be achieved with 
proper caulking, gasketihg,- or both. Icleally, the 
skins' should be fastened with neoprenej-gasketed 
screws' (or nails) or' by use of a clamping strip. 



There are a number of manufacturers of rein- 
forced' fiberglass (Fil<j)n,X^colite, and Kalwall ). 
Iti general, those fiberglasses "which diffuse the 
light most seem to be best for the plants. You 
should make sure you choose a fiberglass 
designed for greenbpuse use. Don't just buy 
fiberglass from the lc>cal lmrdware store without 
checking. . ■ ,, 

The third category of glazing material is the • 
flexible film or the tnembrane type of- glazing. 
While polyethylene js used -extensively both by 
commercial and ]/bdckyard" greenhouse oper- 
ators, primarily because it 'is relatively inexpen- 
sive and easy to work with, readers interested in 
materials with a long life might consider other 
alternatives for the outer glazing. 

Strictly speaking, polyethylene is very uneco- " 
[ nomical; it is produced by energy-intensive , 
" methods and*, when , exposed to sunlight, has a ' 
life expectancy of approximately^ix months. 
' If you want to use polyethylene or other films, 
the 'proper place to use them is put of direct sun- 
light, such as under a cement slab or inside an 
insulated extel.ipr- wall where they function as a 
vapor barrier. -"Th these .situations polyethylene 
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Photo 4-1: Alternate fiberglass glazing method, 
| , installed (Neiu Alchemy Institute) . 



has- an 'almost unlimited* life span. Also, these 
..light-sensitive plastics will do well as a second 
glazing below a rigid outer glazing. The outer 
glazing usually will absorb .most of. the ultra- . 
violet light before it reaches the inner glaring. 
Some companies have developed "wearljfrized" 
versions^ of the light-sensitive plastics- and/ these 
will last even longer as an inner glazing. 
• The 'vinyl and Mylar membranes are equally 
energy-intensive materials, though* their life 
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splfrfif are somewhat longer than polyethylene. 
Their inability to survive- the elements for any ap- 
preciable time makes them a poor choice for 
someone who wants to construct his own green- 
house and not replace the glazing every six 
months. Again, as a second, inner glazing, they 
will do well. 

Rating of Glazings 

The glazings commonly available to you will be 
rated in terms of- the various categories pre- 
viously discussed. The rating will be on a one to 
five scale for s/n gle-lzy ered materials exposed to' 
the sun and weather; the results are presented in 
Table 4-1. - 

The total that appears in Table 4-1, denoted 
as column T,, accumulates all the positive aspects 
of a glazing. Generally, T, evaluates the ma- 
terial's potential as an outer glazing. Clearly, the 
reinforced fiberglass is recommended, followed 
by thin acrylics and glass. The second total,, 
denoted as column T-, evaluates the material's 
potential as an inner glazing (eliminating cate- 
gories D and E f com, the total). Of the thin 
materials' vinyl, Mylar, and* acetate are recom- 
mended foilowedjjfy polyethylene. 



Multiple Layers 



The use of multiple layers is specifically meant 
to increase 'the resistance to heat flow through 
the glazed walls. The more layers you add^ the* 
greater the resistance, but also the smaller the 
transmittance of solar light. ' To add more than 
two layers does not increase the resistance to heat 
flow significantly. For example, two layers re- 
duce the conductive heat loss to 50 percent of the 
single-layer rate; three layers to. 33 percent; '*£ our 
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Rating of Single-Layer Glazing -Materials 


A 


B 


C 


D 


E 


F 


G 


Ta 


T 2 


Rigid - - 

,125-mil 


Glass 


— y 

-4- 


"5 


" \ 


5 








24 


15. 


Thick Acrylic 


4 


5 


1 


4 


4 


2 


3 


23 




■Polycarbonates 


4 


5 


1 


4 


5 


1 


3 


23 


14 


Semirigid 
25 to iO-mrl 


! Reinforced Fiberglass 


4 


5 


1 


4 


5 


3 


.5 


'21 
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Thin Acrylic . .." 
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?5 


17 


■ Vinyl Sheets 
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4 
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'3 


4 


23 


16 
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Flexible * 
Film 

l-mil 

1 


Polyethylene - ■ 


3' 
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5 


5 


18 


.15 


j • 

Vinyl ' 


4 


*3 


1 


. 2 


3 


.4 


.' 5 . 


22 


17 


Mylar 


-A 


, 4. 


1 


3 


3 


3 


5 


23 


1 17 


Acetate ^ 


4 


5 


1 


1 


2 


•4 


. 3 


20 


17 


TedlaT ' < 


5 


3 


1 


• 3 


3 


2 


3 


20 


14 


Teflon 


5 


3 


1 


3 


3- 


-.'.'.1 


' 3 


19 


13 



^ 1. Bad A Solar jFransmittance * ^ 

2 Poor B Infrared Absorption ■ » 

3 Good C Reduction 'of Heat Flow 

• . i Very Good D Weatherability (Uy, Q Zone) ■ 

5 Excellent E Resistance .to Tear, Fracture and Scratching 

v ' F Low Cost 

G Installation and Maintenance >■ * 

Ti Total of A through G. Evaluate materials as an outer glazing. 

T 2 Total of Ti minus D and E. Evaluates material as an inner glazing. 

Table 4-1: Rating of glazing materials. 



* layers to 25 percent. Thus, the effect of each 
additional layer beyond the first, becomes pro- 
gressively smaller. Furthermore, the expense and 
effort to attach more than two layers may be 
unrealistic. 

The separation . between layers can be from 
.% inch to 4 inches without significantly chang- 
, ing the resistance value of the enclosed air layer. 



This is convenient if your glazing supports are 
2x4 wood studs; the separation between 
glazirigs would be 3M> inches when secured to 
the narrow dimension of the studs. 

Frames can be made by cutting -inch-thick 
wood boards into % -inch-wide strips, and secur- 
ing the strips with cojrner fasteners. The glazings 
can be secured to the frame by staples or glue 
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and then nailed to the main supports. ,: Such 
framing will be necessary. when, .installing . more -■ 
than one innejr glazing to the greenhouse. 

For most geogrkphic areas, it is essential that 
the solar gjreenhoUse have at least two airtight 
"layers" of glazing material ( see . Chapter' Seven, 
"Minimum Design Criteria for Solar Green- 
houses") for daytime operation. During nights, 
and- sunless days it is imperative that for north- 
ern' climates, the glazed wall be well integrated- 
with an effective thermal-shuttering system. 

You might consider a rather unique material 
some people have found to provide an effective 
and virtually work-free inner glazing. They have 
used the ''bubble pak" sheets which protect 
delicate articles for mailing. The flat side of the 
"bubble pak" sheet adheres to the underside of 
the outer glazing, by water cohesion. If your 
greenhouse is dry, you may find it difficult to 
stick the "bubble pak"' to the glazing. The sheet 
should.be tut to cover the glazing completely.' 
No information was available at this writing to 
determine its effect on the solar tr'ansmittance 
and infrared absorptance. 

-Don Shanks of Flagstaff, Arizona, has devel- 
oped another unique form of double-glazing. 
The entire glazing wall is constructed of cls^ned- 
out fluorescent tubes placed side by side and 



sealed with caulk. 



4 



' ♦Researchers are experimenting with -many new 
glazing materials. For example, some glazings 
become opaque when the temperature rises above 
or humidity" drops below ascertain threshold 
irfcdicating ah application for hot-weather green- 
houses. Nevertheless, their hew glazing ma- 
terials are not yet competitive with "available" 
materials in terms of . cost, availability, and' 
weatherability. *' \ 



iome Regional Considerations 
Concerning Glazing Materials 

| A. Hail Damage 

lb areas of the United-States where hailstorms 
aire common, tempered glass should be used for 
roofing greenhousaB instead of regular double- 
. strength glass (if a glass skin has. been decided 
upon). Untempered glass is not that safe in the 
overhead position whether it is exposed to , hail 
or not. * i - 

Hail rarely causes problems with the thicker 
plastic greenhouse-skin materials, but an ex- 
tremely bad storm coufd scratcli your Plexiglas 
and dimple your Lexan. > . 

One-eighth-inch-thickNtempered glass has been 
used effectively against hailstone impact:. 

B. Ultraviolet Degradation- 

In parts of the United States suffering an intense, 
ultraviolet solar-radiati6n component (high 
altitudes and the Southwest, etc.), you should 
carefully' consider the effects'upon plastic green- 
house/ "skinning" materials. Plastic and glass 
both absorb ultraviolet light. Only the 'plastic 
group suffers molecular degradation^from ultra-, 
violet. The lifetime characteristics af plastics in 
.'sunny parts of the United States are often very 
disappointing." Plexiglas. and polycarbonate are 
the best performers and polyethylene the worst. 

One common effect upon plastics is discolora- 
tion of the material, often a yellowing "ultra- 
violet b]'pom.'' Another effect often observed is 
embrittlement of the material. As the th;in films 
become brittle, their, resistaq.ee to bending fatigue 
is reduced considerably.'. They normally fail soon 
after embrittiement- due to wind-loading upon 
* . the material. 

A considerable amount of tjme and money has 
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recently been invested by manufacturers trying to 
find ways to improve the resistance of plastics to 
UV degradation. "Stabilized" forms have; Been, 
produced which contain small amounts of com- 
plex hydrocarbons. " ". 

Monsanto;,- 602, or "stabilized pplyefhylene," 
has found widespread application t'p green- 

\ houses, being. commonly used tbJfgrm the inner 
glazing of doffbjle-walled greenhouses. Its jbse in 

•exterior applications has still proved disappoint- 
ing to some Arizona ^researchers who found that 

. the material-failed after one year due to wind- 
loading. The plastic film broke around the edges 
next to the frame. . :| 

In cloudy coastal • climates, with atmospheric 
filtration of ultraviolet light, you may get much 
better results using plastic greenhouse cover 
materials. 

V ■ ■ ». - ,. * ■'. 

C. Thermal Cycling through 
y. Temperature Extremes 

Some climates are obviously much more severe 
-than others. In mild climates like the San Diego 
area or in the South, daily and yearly tempera- 
tu res may not vary much more than, 60 Fahren- 
heit degrees. Move to-l'he Midwest and one may 
experience yearly extremes of as much^as 180 
Fahrenheit degrees. 

Winters can be severe trials , for the green- 
house glazing. The greenhouse skin; can experi- 
ence a nightly temperature of -40°E. and get 
up to the high 80s (especially near the peak of 
the structure) on a bright winter day. 

The major problem caused by thermal "load- 
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ing" your greenhouse is alternate expansion and 
contraction .of the cover j, material, causing /con- 
siderable movement, and stress \vhere the ma- 
teria?!, is attached| to the frame.** Be sure to give 

.both plastip-'aiiiriglass room to move— especially 
plastics! Don't Sever butt two pieces of glass 
together.. Many* amateur ; builders. , often make., 
their frames too tight when they ace framing 
for glass. ,' (The glass could, break it the frame 
r) moves even slightly.)* If you are 'pitting screws 

| through Plexiglas; be sure^to use oy.ersize holes 

: or the material can buckle. A four- foot -wide 
pi.ece of Plexiglas will move, just under.! third of 

, an inch- in a 150 Fahrenheit degree, thermal cycle. 
Thermal cycling in, many of the thinner film 
plasties will also cause an alternate, sagging con- 
dition in the daytime and ajdrum-t4ght~skrn~at' 
night. The. sagglfig. .plastic is usually easily ' 

. destroyed by Wind whipping it back and forth. 
, A tight-drurn skin during cold weather can be- 

. come brittle arid very susceptible to breaking 
up6n impact. ' > * 

Borne. solan greenhouse builders in Colorado 
have tried to support large spans of polyethylene 

' with chicken! wire to keep the wind from flap- 
ping it back and forth. Others have placed 
blowers between two, pieces of polyethylene in 
order to maintain an insulating air space and to 
meet a wiihd front with at least an air-pre.ssure- 
supported film; 

Finally, readefe living' in particularly windy 
regions of) the ccjuntry should remember., that 
wind uplift can be' a serious problem. Therefore, 
wind uplift in glazing must be considered and 
the appropriate attathmenfmethod employed. 
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Heat Storage 
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No matter ljiow well insulated a greenhouse may 
be, ffeating is required when outside- tempera- 
tures Are tittlow proper- growing levels. How to 
best prov de" this heat,' is^the...^subject of this 
chapter. 



On a c 



v car day a well-designed solar' green- 1 



house receives far more energy than it needs to 
maintain proper growing tempera 1 ture?.^fnvan-; 
ably, even when the outside temp'tHOiu-re is^zero 
the vents of my greenhouse open to prevent over- 
heating.* Unfortunately, a solar^ greenhouse 
which vents out hot air under these conditions 
might not be storing as much heatjisjt could for 
the-4rtevTtable~rimrf^ nights. 
Squandering of heat might be allowed in the 
Southwest and Florida where there is' an 
dance of light, but should be avoided in t 
of the country. • ' u ■ 

The sunlight that passes into the, gree ihouse 
strikes the wall, plants, and open soil. 'A part of 
the sunlight is reflected back out of the green- 
housfef but only a small amount for the properly 
"designed greenhouse. 

* My vents operate on a "heat motor." The heat 
motors look like bicycle pumps, containing a liquid 
which expands and contracts with temperature 
changes, thus opening by themselves when it's hot and 
closing when it's cold. 



abun- 
le rest 



The 1 sunlight is converted into other forms of . 
energy. With- the' plants ■ and ground warm, 
water is evaporated, some f^ergy is conducted 
into the ground and stored/ and some energy 
transfers to the air by conduction and convection 
from the hot plant's and the' ground. All of this 
energy eventually finds its/way out of the green- 
louse, through the walls/ and vents. Plants use 
only a, fe\v percent of the sun's energy for 
growth, the heat just keeps them alive to grow. 

The solar greenhouse reduces the outflow of 
heat energy by storing" some in the greenhouse 
and by damping its flow through: the waifs. 

In addition to /conduction and convectibh, 
another important, mechanism of heat flow nbt 
often discussed is heat radiation. Heat radiation 
as it is called (fljo reif erred to as infrared or 
. , lbng^vave radiatiofi) is emitted from all material 
objects. A hot object sikrrounded by cool objects 
■ will cool and .jx cool object surrounded by hot 
objects will warm, strictly by exchanging heat 
radiation. Thus any object can cool or warm at a 
. distance, depending on. whether it loses more 
heat radiation that it receives in return from 
surrounding objects. The presence of air among 
• the objects . complicates matters somewhat, ; be- 
• cause not all the energy a Hot object loses is by 
heat radiation; some is lost) by, conduction and 
convection to the 'aii;. The air does not absorb; 
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heat radiation; but is heated by contact with a 
warm object., ^ . / • 

; Heat radiation cannot be seen by the human 
'. because the color range is beyond that sensed by 
*the eye. However, heat radiation can be sensed 
as a warming of the skin, if the heat radiation 
15- strong enough. Altern/ite shading and ex- 
posing the face -to a hot, opemiire will bring a 
sense of alternate heating-ahd cooling, causesU5y 
the heat radiatiqa. - Unlike the human, the rattle- 
snake is- particularly sensitive tdMieaj: radiation 1 
and can discriminate ( in total darkness ) between . 
twer- adjacent objects, whose temperatures differ 
by as little as one-hundreth of a degree Fahren- 
heit, -just by 'sensing minuKdifferences „in their 
...heat^adi-ation intensity. The warmer; a body' 
-becomes the higher intensity .of heat radiation it-'- 
emits. . •■ . _ ■ i 

The-heaj; radiation generated in a greenhouse 
is one of!, the strongest forms of heat 'transfer. 
Even though, this- form of radiation is (relatively 
weak compared to'- fire it' is present' nonetheless.. 
The heat- radiation that, leaves, the plantsj and soil 
is absorbed by otfiqr objects in the greenhouse 
('other, plants,.' walk; and'so.,on) . These heat up 
in turn all d-emit heat radiation. The heat radia- 
tionj' passing through "the air without effect,, is- 
-'absorbed and' reemltted from 'all objects ii>' the 
'greenhouse^ at all. times; cool objects/: become' 
warm and warm objeefs become coo). 

When st6red in the greenhouse solar heat can 
be delivered as hot air to the plants Or.trans- 
J mitted through the hir naturally without assis- 
tance by heat radiation, Hot air delivery works 
"best haturally if the plants are -above the 'heat- 
storing area.' Plants below hot air do not xeceive- 
• its heating effects. However,' heat radiation is- 
^transmitted up, down, sideways, in any direction. 
You can put < heat storage above," the j plant- 
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growmg -"area~-$nrl the plants will still receive 
heat. ' - /~?>X S — -,- 

4^1 -;febese* forms offbeat delivery . are used in 
solAr greenhouses in some very innovative and 
unique ways.;^A.ll of thenrwork in their respec- 
tive areas, and^no single one seems best". - ~ 
'• 8§gau^e planti-ogcupy most of the area in the 
greenfeuse, on)y_ a Tefe. areas are left, for . place- 
ment of' heat storage. ' Furthermore, because 
plants -.have little heat capacity, theyhave no 
capacity to store solar heat t.l^.m'selves..L.Most of 
the 'sunlight that does strike them, goes to heat- 
ing an|d humidifying the .air, "''.'whose energy is 
difficull: to store. This heat causes most of--the 
'greenhouse's overheating problems^. ^ , 

The simplest : way to collect" and store solar 
energy in the gfee'n'house' 2s by -direct absorptioiV 
in missive materials. RThe colljjctor^and "storage 
volume a re" one and the same' The'se massive ma- 
terials almost invariably are.' rock, earth, /and 
water, because t beware cheap, found everywhere, 
and very effectives J-arge 'quantities •" o'f these 
materials create -a. strong thermal "flywheel," 
storing energy, when the°;greenhouse-is hot. and- 
releasing^' energy when ; - i^ cold. This inter- 
action between the stonfge and the greenhouse is 
•called .passive', -Symbolizing tile absence of "ac- 
tive" -machinery to collect, store, and deliver, the 
energy. •• ft . 

Any area,- not blocking. direct solar illumina- 
tion of the plants, is a potential location for heat 
storage: the bare 'ground, walkways, and walls 
for example. . .These are primary areas. All heat 
storage does not require 'direct illumination by 
the sun to be effective. Secondary areas, such as 
the ground under the foliage, or shaded walls, 
receive -indirect and slower heating. Over a 
longer term these areas can store significant heat© 
and may rescue your greenhouse (and your 
plants',) during an extremely co!4, cloudy, period. 



HEAT STORAGE ■ . 



T-bncrete 



Rock 



Water Containers 




Figure 5-1:' Common location* of passive ht'dl-sloriiig mdteridls. 



■ Figure 5-1 'shows the place where passive heat- 
storing materials are commonly placed' in the 
greenhouse to receive direct illumination. x 

Heat Storage in t the I Ground 
and Water Pools 

Ground exposeH"to the sun's rays on ajdaily and 
yearly basis, acts as a very complicated heat- 
storage medium. The amount of heat stored 
depends on the types- of minerals, amounts of 
'air, water, and organic matte j in the soil,- the ; 
soil color and covering, and the local climate-.;. 
Most bare soils fare such that [he daily cycle of 
heat penetrates from 8 to 32 inches," accumulat- 



ing 30 to 50 percent of the solar heat striking it. 
However, most of this heat is lost*- at night by 
heat radiation and convection. During the sum- 
mer months the daytime heat gain is greater than 
the night losses. The excess* forms the annual 
- heat cycle which penetrates to depths of from 15 
to 60 feet. The amount of heat gained and lost 
during the annual cycle passing at the three- to 
four-foot level is usually 'negligible. Qelow this 
level the heat generated fronxthe earth's interior 
-- becomes more important- 

Bare", ground-- within the greenhouse is not 
..exposed' to the open sky t and, elements. The 
..presence of the greenhouse over the soil creates 
greater heat gains during/the day^and lower heat 
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5 mid-January 
21 22 . 23 2-'l " 25 



Air 



at center post 6. ft height — 
at plant level 3i"> ft height- 

at floor level 



outside north wall 



Water 

hack wall hollies — top" layer - •_ 
middlt layer 



Earth 

6 in. deep in floor under hack 'bottles ^ ^ 
6 in. deep in floor front west cornei 

20 — 




Figure 5-2'a: Air, water, earth temperatures. 
' ' p . i\\q&dtawny, Pennsylvania, 



losses at night. This form of heat storage is still Even though the ckil| collection, and storage of 



■not ideal" because the extra 50 to 70 percent of heat in the ground fsi'mall, the amount collected 
the solar hdat not stored goes to heat the air and over longer^periods! can be significant. Further- 
evaporate water, contributing to overheating, more, the heat is afsoiimportant for maintaining 



» mid-February 



Air 

at center post 6 ft height 
at plant level 3.*> ft height 

at floor level ; . 

outside north wall — . 
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hack wall botrlcs-top layer .. .. *!fcfS^V^ WptV* 

—middle layer ^ -</' \ /^/^''^ 
• — botton?/ layer- 



Earth 

in planting por on bench — - — —~ ' 



6 in.- deep in flo,q,r| under bark bottles io' t |' 4 | ^{ it 
6 in. deep in floor front west cornet ' 1 j ♦ 



\ 



V 



16 17- 18 19 20 



Figure 5-2b: ,/4/V. water; -earth temperdtu\es. 

Maxdtawny. Pennsylvania'. 
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noon 
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at center post 6 ft height _ 
at plant level 3.5 ft height 
at floor level 
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back wall bottles — top layer.. .. 
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Figure 5-3: Air, water, earth x temperatures. 

Alaxatawny, Pennsylvania (F.ebrnary 



plant root temperatures. 
TVpreveht ground-stored heat from pafssing tb^ 
the outside, the perimeter of the greenhous 
should be insulated. The thickness and depth of„ 



■ insulation depends oh climatic severity. Perim- 
eter insulation to an adequate depth (at least to 
^ie frost line) will eliminate the need to place 
Iditipnal insulation itnde^ the greenhouse floor 
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as well. However, this additional step may be 
necessary particularly if pools of water are used 
for heat storage, or if the gra^^use. is small. 
- Pools of water can sfecae a.lmost all the sun- 
light shining on them if the containing walU are 
dark. Some temperature stratification will occur 
as heated water tends to mse ttr/the surface,.^; 
Algae helps reduce ternperature^stratiflc:ation by 

mly absorbing the solar energy t%t^fgTiout.?., 
r the>olume rather than just at the wallsr Hvapo- 



ration from the pool cools the water and is a 
form of heat loss,* but is released again when it 
condenses on cooler surfaces in the greenhouse. 
If you don't mind "wet," there is no problem. 
However, venting the moisture-laden aut is a 
significant net heat loss from the. greenhouse. 
'Plants on the g|guri<5 c r>ext to the pool are 




ener 
degrees 



,1 
^3 



These graphs are 'data from the Maxatawny"^ 
greenhouse in 1977. The fiVe days fjrom January 
are extremely cold. Qn the last two days from 
February the night temperatures moderate to 
near-freezing levels. Both jive-day periods start 
with three sunny or partly sunny datys and end 
with two completely overcast days on jvliich there 
was some snow. , ' 

The air-temperature lines sho\y the strong ten- 
dency of heat in air to stratify. The difference 
between air at ground level and at six feet re- 
mains a very constant 15° to ?0\ regardless of 
sun or clqud cover, day or night. Between the 
six-foot -level and the nine-fobt peak the differ- 
■ ents^ould be greater. , ' ' 
;'. The^data from the water storage is taken from 
.the 372-gallon jugs stacked about six feet high 
I along'the north vyall. The small containers and 
the good contact between them distribute heat 
well horizontally and vertically, while retarding 
severe stratification which occurs in iarge free 
masses of water. Notice that after the second 
day of Jow solar input, the temperatures, at all 
.three levels move close together. The most 
readily available heat has been removed. 
- The measurements taken in soil show how the 



earth can react to energy even on cloudy days. 
Most of the floor in this greenhouse is shaded • 
and so the data is not directly comparable to- 
sunlit floors. Most of the solar ehergy aimed 

at the floor is blocked by the benches, plants, and 
soil container's -at the 3 1 / 1 >-foot level. Expect to 
see considerably more energy "absorbed by 
ground-level beds. 

The point in the front west corner is only a 
few inches from \he walls and receives direct 
light for half the day. It is consistently colder 
than the shaded point, illustrating heat losses ■ 
through the insulation and to the cold air of 
infiltration at the glazing. But apparently the 
morning of January 21 was sunny enough for 
that point to surpass the soil temperatdre in the 
rear of the "greenhouse. Though the shaded, 
point receives no direct radiation, it is closer to 
the center of the mass and receives some radi- 
ation . constantly , ; from the warm' water in the 
bottles, ; < . ' 

'.. The data take}! iivthe plant pot illustrates the 
effect of direct radiation, a position in a^ warmer 
air layer and a j large surface area exposed to 

■warm air- The extremes could be stressful to 
plants if they go much beyond the ranges shown. 
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Total Input 1 

Electric »»™ 
Solar 1 J 
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1-20 1-21 1-22 1-23 1-24 1-25 1-26 1-27 1-28 : 1-29 1-30 
Figure 5-4^: Comparative energy input — solar, electric . 1 




Figure 5 -4b: Changes in energy storage. 



heated fairly well. 'Plants farther away lose the 
benefit of! the .warmth and heat radiation from 
the pool. Some air circulation may be required 
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to pass heated; ait; 
above the 



ma 



m 



/ ' ! 9 

Reflectors can increase heat j gain to pools. 
Some greenhouse structures aie specially de- 
signed to focus light striking the back wall,' into 
the pool. 

Water containers, placed in :he floor, which 
are not transparent are not much better than the 
"bare ground. Certainly the water when heated 
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can store more heat than the ground in the same 
volume. But water containers heated on the top 
do not circulate and store heat as fast as when 
heated from the bottom or side. Clear con- 
tainers would be better but only if directly 
illuminated by the sun. You should carefully 
consider your heat-storage placement. It can 
sometimes be tricky, but no matter what you do 
it probably will work satisfactorily. 



Heat Storage in Walls 

p 

The areas bordering the inside ' walls of the 
greenhouse are excellent places to stack heat- 
storing materials (see Figure 5-1). These areas 
not only receive direct light from the sun, but 
also, when occupied by warm heat-storing ma- 
terial, deliver heat' radiation' to more of the plant 
area. Heat-storing material can be part of the 
greenhouse wall construction, oradded after the 
insulated shell is erected'. * 



5 5 -Gallon Drums ! 

One of the most common objects used as a heat- 
storing' wall ' is the 5 -gallon steel drum filled 
with water. ^The ma|in advantage of the 55- 
«allon drum is' that), a 'lot of water can be stored' 
in one container. " Another advantage is "that 
water itself can;- 'hold a lot of heat in a rela- 
tively small volume. These are the main advan- 
tjages of the 55-^alfon : drum. . f 
j However, the "fofed o drum itself wastes space 
tpat could' b^ lisedpD}' additional storage; square 
drums placed side |.}? side would be better in this 

.''it " ' < 
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water was well mixed throughout the drum. 
Furthermore, large amounts of ^exposed surface 
on the sides and top of the drum create high 
convection losses to the air and heaf/ radiation 
losses in directions that do riot strike the plant- 
growing area, overheating the air and -poorly 
using the precious energy stores.* 
/ Since the 5 5 -gallon drum is in such common 
usd, there are some ways to improve its heat- 
stdring efficiency. The separation of hot and 
cold water probably cannot be prevented, but the 
heat lost: to the air by convection can be reduced. 





Photo 5-5: I 1 ijtf- five -gallon drum water storage. 

' Pitts field, Massachusetts: ■* 

\ .? ; 1 , 

.respect. There are more seriouV problems. . 

As the sun illuminates the drum, the water 
iwitHin heats and rises to the top of the drum; 
jthe i!|inheated water remains at the bottom. This 
!separation fc of the hot and cold water is, rather 
idrarrjatic and can be noticed by sliding your hand 
'on the outside drum surface from top to bottom. 
The Separation creates two problems. First, the 
bottom half of the drum is less effective thermal- 
storage space because at does not heat. And 
second, the hot portion of the drum loses heat at 
: least 1 5- to; 20-percent faster than it w6uld if the 




-Photo 5-6: Drum and t'a'nk storage. McMinnville, 
Oregon. 
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Photo" 5-7: Water storage. Used water heater, 
o Milwaukee, Wisconsin. 

Those surfaces of the drum which .are not heated 
directly by the sun should be insulated; these 
include the top of the drum and the back half. 
In this way, -the- convection losses to the air are 
■ reduced and heat-radiation losses that do not 
strike the plant area are elimina'ted. The stack- 
ing of drums upright one on top of the othsr 
would help heat the bottoms of drums from the 
tops of others, tending to uniformly heat and 
more" efficiently use the storage. Because there is 
usually a flange oh the tops and bottoms of the 
barrels, the contact and subsequent heat transfer 
between stacked drujms will nevertheless be, poor. 



Small Water Containers 

v 

Mqst of the problems associated with the 55- 
gallon drums can be elimir&ted by making the 
wall of relatively small, water-filled, square con- 
tainers. These containers can be metal or plastic, 
opaque or transparent (filled with dyed water),, 
and can vary anywhere from one to five gallons. 
It t , should be emphasized that the containers 
should not be placed on separate shelves. Stack 
bottles so that a bottom bottle has, good contact 
with a top, as shown in Figure 5^5a. Normally 



Sunshine 




A. GoocWhqrrnal contact 
creates uniformly 
Rented, wall. 

Figure 5-5a: Stacking small water containers. 

t, 

this would eliminate plastic containers, but some 
can -take the load. Some shelving^ can be used 
with plastic containers, but the containers should 
be stacked at least three rows" per -shelf. In any 
event you Should test containers under load for a 
mon th or so before yoefbuy 500 to 1,000 of 
them. 

Since there appears to be no situation where 
you have too much storage of this' type, con- 
tainers should be chosen and stacked to give the 
greatest depth or thickness fdr a given wall area. 
The five-gallon square metal can, stacked on its 
side; seems to be an ideal unit for a container 
Wall, meeting all the desirable 'requirements. 



Photo 5-8: Water storage. .Small containers.- flagstaff , Arizona. 

Some containers require additional support,' so 

plan on it, , \ 

A wall, two or nf&ft- containers thick, can be, 
formed, but, it is certain; that the heat will be 
inadequately transferred and extracted from the 
back units unless you take special precautions in 



stacking. 



Figures 5-5bJ and 5-5c 



give 



some 



■ examples. ' I 

Contrary to 'bur expectatibnSj when the bottles 
in each layer, stacked as shown in Figure 5-5b, 
were separated, the bottles as a unit collected 
more energy than they did tightly packed. We 
included an adjusr.menfc.-for the increase in solar 



Sunshine 




B. Poor thermal contact 
prevents uniform heating 
of total water volume; 
creates heat waste similar , 
'to that of 55-gallon drums. 



Figure 5 -5b: Stacking small water containers. 



S2r 
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C. Betlei Stacking 
than B for 
mulliple-thicknesS 



wall. * 
Figure 5 - 5 c : Stacking 'small Water containers. 

energy collected when the bottles were spaced. 

Thlse experiments, carried out for 13 days at 
Roda|e's Maxatawny greenhouse, consistently 




Plioto 5-9: Water storage. . Smalb containers. 
" Maxatatany, Pennsylvania. 





Photo 5-10: Water storage. Small containers. 
Maxatawny. Pennsylvania. \ 



showed this effect. Appjarently, bottles stacked 
according to Figure 5-5c Sallow much better con- 
- tact an J m i i f oi m t l lea t i rrg^aTrthrsTacking shown 
in Figure 5-5b. ' 

Nonetheless even though we apparently made 
a mistake in our bottle stacking, these bottles 
«• helped the Maxatawny grqenhouse plants survive 
one of the coldest Januarys on record (1977). 

With 500 one-gallon water bottles stacked 
according to Figure 5 -5 a, rny Flagstaff green- 
house maintained an average January low tem- 
perature of 49.8°F. while the average low out- 
side was li.4°F. . ■ 
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Ph^tso 5-11: Water storage ,/nidef growing beds. 
MdXiilitif'n!). Pennsylvania. 



Container Walls under 
Rajsed Beds 

•'In order to increase total storage volume we 
placed water-container storage under raisetjl J5eds 
in the Maxatawny greenhouse (see Photo ^-11). 
This storage collects solar heat on the frontl face 
transmits heat into storage a|mong bottles 
delivers heat as hot air to the beds above. 'VC 
not certain how effective this type of stora 
but it does raise the plants up to the warm 
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levels in the greenhouse.. When using "this type 
>of stofcipe the bbttj.es should nW be placed close 
Ho the clear front/ face. Heat radiation from the 

bottles tends to be lost right through the front 

-wall without heating any plants. At night,' 

insulating the clear. front face reduces this form 
i.i' 

of energy losjs. r 

Masonry Materials • 

-. "Rock, adobe, and,, masonry walls, like the soil 
itself, are not particularly efficient materials for 
absorbing and' storing solar heat directly. The 
problem stems from two facts. First, these ma- 
terials hold less than half as much heat as water 
in a given volume. Second, these materials do 
not conduct the heat away from the -sun-heated 
surface into storage fast enough before the heat 
is' lost as heat radiation and convection ' to the 
air. ' The heating of the water in a container, 
'unlike the solid material,- sets up circulation cur- 
rents which extract the heat from the sun-heated 
surface before significant, losses occur, 

Nevertheless, masonry walls of all scrts 
directly illuminated by the sun and in the shade 
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are found as part' of the heat stotage in many 
solar greenhouses.' These walls. can.ke solid, or 
bins and- pallets of loose stones. It is unfirtunate 
that hot' air is difficult to circulate through stones 
without, fans. -The circulation of air through 
stone .helps" store the heat contained^ 'the air. 

A- water wall .in front of' avmaspm-y w^ll'is an 
excellent ^combina^i. • V •yf > ; ; 

' . '■ ■ >/"' \ ' . 

Comparison pF Relative ; f 

Efficiencies of Solar Heat 

Absorption for Water , 

( C^tainer? 4 and Masonry Walls 

An actual experiment to compare the relative 
efficiencies of solar-heat absorption for water and 
masonry Avails would be extremely difficult and 
expensive to design and carry out successfully. 
The nexh-best approach is computer simulation, 
usj'ng .experimentally obtained material prop- 
erties and accurate mathematical descriptions of 
Jieat' 'flow.' Inxkder to test the accuracy of "the" 
simulation, V ursgd two entirely independent 
'mathematical .descriptions to calculate' the heat 
absorptions,:, the two descriptions yjelded (results 
which agreed to .within one-tenth'of one percent. 
■ The simulation assumes that ° the .water or 
masonry wall is in an. empty room maintained at 
54 °F. 'The back of the wall is insulated so that 
no heat"' is lost there* The front , of the Wall 
absorbs- 90 percent of the sunlight, equivalent to* 
any black painted . surface. The sun shines at 
normal greenhouse winter levels and remains on 
for 10 hours.- ' ' •„ 

The results are expressed as the percent of the 
solar energy absorbed into storage as a", function 
- of time and,given for two wall. thickness foot' 
. and 1 foot, respectively. The percent of splar 
energy absorbed is also a measure of the effi- 
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*ciency°of neat absorption for the wall material. 

}'■ Figures 5-6 and 5-7 compar.e-the efficiences for 
a concrete' (and adobe) wall "(a), a wall com- 
posed of opaque and transparent water con- 
tainers (q, and e, respectively), and walls oftwo 
other materials,- graphite (b) and steel ( d ). . - 

* , The concrete (adobe) rapidly loses efficiency, 
because of the relatively low heat conductivity oT 
the -material. Most masonry materials have 
characteristic similar to adobe' and^ concrete: 
bricks, rock, soil, and so on. . However, "adobe 
has a very -"'favorable additional feature not 
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Figure. 5-6: 



Percent of soldi- energy absorbed' by 
exactly similar walls of 0.5 ff. thick- 
ness as a -function of time (hours)' 
for' a constant Solar-heat jli(x of 200 
3tjt.fhr./jiA The walls are com- 
posed of: a) concrete (adobe), 
b) ■ graphite-, ^cj opaqm water com 
lainers, d) steel, and e). Iranspar/nf 
' welter containers. Each wall^ absorbs 
90 percent of -the solar fln/f Heat 
/rn'r /'r from the sotar-heaped side of 
"thejvall by -means (if yadiation and 
afnfection to unifofhi, l\&iperature 
and •Jrid'Mttrni H iwirotinienP maii L^ 
Jained at 53.6T. The back of lhe_ 
n\dl is perfectly insulated. 



shown in the Figures 



Addbe stores more heat 
but Conducts heat slower than concrete. *For, 
adobe these two opposing properties balance out, 
giving adobe a heat-storing efficiencv^srmilar to 
concrete. However, the slew transfer of heat in 
adobe gives it a self-insulating quality not found 
in concrete and other masonry materials': No 
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wonder the old adobe horfies- and the new solar 
adobe dwellings aw such energy-effi<fient, struc- 
tures. Thick adobe walls have bo^ffprdperties of 
he'at^storage and insulation wrapped jnto one- 
■'uftit.'j Only recently -has. a government .study 
supported this" concept. .The study showed that : 
the most energy-efficient masonry wall f£>r keep- ■ 
ing heat in a structure is^ a composite wall of 
masonry on the inside (Jot heat storage) and^ 
insulation on the outside (for preventing heat 
loss to the outside) . 

As' Figures 5-6 and 5-7 show, only 30 to J>? 
" percent of the solar heat , can be stored directly 
into the "dry" masonry walls by sun heating 
after 10 hours. Thiols poor and leads to strong 
overheating' whei)Auch walls- are used in green- 
houses, (and hpfnes j . * - ; -■- _ 

I shbuld^riphasi2e<>that"the walls. Kan store a 
lot of he/rohce heatedf-W't they cannot abserb' 
'the spUfr heat as fast as it's made available. - - 
4ie water-container wall'. is not sensitive 't6 
dmtatner-siize provided -the -containers arenabtoo.. 
small (smaller than beverage cans)* or too large 
(near 5 5'-gallbn* size) . The opaque arid trans- 
parent container should.be painted- pr • dyed to 
ab'sorb 90 percent of the sjunlight ' (common 
black pay-it or black : Rit dye will work).. Figures 
5-6 and 5-7 slvow that the transparent container 
is slightly better than. the opaque' container. Tile 
T'ranspareTiTToTTtaiTC^ 

throughout the volume, while the opaque con- 
tainer absorbs the solar .light at the container sur- 
face before the water can absorb the heat. .The 
uniform volume heating is more /efficient than 
the surface heating of the container^Jn the latter 
case, some solar heat is lost by radiation and 
convection to the air before the water absorbs it. 

A good dark liquid for the transparent con- 
tainer is Rit dye: I found that three standard, 
two^ourte^boxes: "can dye 5 00 gallons of water. 
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Figure 5-7:' Percent of solar energy absorbed by 
^ ; ' | exactly similar walls of 1.0- ft. thick- 

• , i ■ 4 ness as a funcl7orr~uf time (hows) 
/ " 1 j for a .constant wlar-heat jU/x of 200 
Btth/hr./fl*. 'the walls hre'.com- 

1 -posed :of:-~-:a) concrete- ■ f adobe).: 

b) graphite, c )' opaque - -water con- 
tainers, dj spel, and e) transparent 
■ ] }vater containers.* Each wall^bsorbs 
90 percent of . the solar flux. \I1 eat 
>>; ■ ■■' 1 loss is from the solar-heated- siw^. of 
the wall by means of radiatjon a 
■'* convection to a uniform temptratwi 

and radiation < MriviroMiimt ~ main 
— ~ ~~ tainedlit 53.(>"l'?- The back of The 

I' ti'all is perfectly insulated. • 

..'"■■.,-,-..,.' ■' ' -* '■ ' - 

The concentration of dye should be no more and 
no less than that,required to'absqrb the sunlight 
through the length of the container! I deter- 
mined this concentration by placing the dye-filled 
container in front'of the sun's' disk (be .careful 
of the eyes) on -a clear > day and noting the 
concentration at' which the light is just no longer 
visible. ■ / «.--.. ■. . ■ " 



Small amounts' of antifreeze or rust inhibitor 
shoitld 1 be added to the rnetal'containets to main- 
tain a long life.. Of cou ! rse,'.no dye fs "added-. The^ 
opaque container should be painteU' a dark -color 
to absorb /the solaj^liglitT Containers painted- 
dark red and Slue instead . of black will reflect 
sniall amoiiilts of red 'and blue light back to. the 
plants, yet will heat almost as-well as' black con- . 
rtainers. The red and blue hght' are important for . 
plant growth arid, fruiting. 

As*.Hgures 5-6 and 5-7 show,, the .water-con-* 
ta'iher wall'is perhaps, the most efficient, least ex : 
-pensive storage-fnedium available for- solar green— 
?house - use. .„ .. . » '• ; ; 



OtKer Materials for 
Heat-Stpring Walls 



Many researchers are concerned about improv-ing 
heat .storage of -solid-' walls which Js f ^airly .popr^ 
Improvement can come <% increasing the heat 
conductivity of the wall, the ability to absorb 
hea't fast. ' Another irnprovement can come fforn 
increasing heat capacity, the am&unt of heat 
stored in a given volume. „.„,' 

There* 1 are a few. other materials which have 
roperfies that could improve heat storage in 
^m Vinos t jiutab ly, steel irad graphite: 
Steel . has both ' a 'S^h heat conductivity'' and 
1 High heat Capacity, the latter only 15 percent, less 
than water. * Unfortunately, steel (and other 
' metals) is heavy, almost eight times heavier than 
: an equal volume of watef v and. is expensive. 

Rodale Kress - sponsored research 'at Tehigh 
University which showed tfiat embedeling steel 
rods/ih a concrete Avail, with a spacing between 
rods jio more than two or three times the diame- 
ter of. the rod,, Could significantly 'improve the 
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heat -storing properties of the wall. Furthermore 1 
the" volume occupied by the rods is 40 pfercent or 
less, which teduces steel expense and weight. 

Further research showed that mixing iron 
filings, generated by the waste from steel mills 
and fabrication plants, with limestone cement did 
not improve the heat conductivity >of the com- 
posite, material, ( but did* improvejits Jieat»storing' 
ca^acXtyi^^M-tteT^eason metallic wastes .could 
be recycled ihto building materials to improve 
heat-storing qualities. 

Figures 5-6"and 5-7 show the efficiencies' for' 
the solid steel wall. Not surprisingly the steel 
hoicks 70 to 85 percent of the- solar heat after 10 
hours, depending oh wall thickness. 

Graphite is a naturally occurring rock that,has 
a heat conductivity about 100' times greater than 
masonry, even three times- -greater than mild 
steel; unfortunately it has 2 5 -percent L lower 
/" ability to store heat in a given volume than 
masonry. But unlike steel it is 20 percent lighter 

• than concrete. Graphite will absorb heat into 

storage almost as fast as the sun caa make it 

^ available. However, after a few hours of sun 
"heating, the graphite wall, depending -on ihiek- 
njess, will gain more heat than it can- store. As a 
result, the efficiency of heat storage goes down 
rapidly. After 10 hours, a %-foot wall of 
graphite holds only as much heaths concrete (see 

• Figure 5-6). Increasing the wall thickness and 
the total storage volume rtduces graphite's heat 
saturation problem, a.s Figure 5-7 shows: Notice 
-that thickness has lit'tle influence on a masonry 
wall's efficiency of heat storage, provided the 

• wall is Y 2 -foot -thick -or greater (compare 5-6 
and 5-7). A masonry wall thinner than %-foot 
would have a lower efficiency than shown in 
Figure 5-7. Also a masonry^ wall thicker tl^in 
1 foot would have a negligibly higher efficiency 
than shown in Figure 5-7. 



Graphite could, be used in rod form and 
inserted into" walls as .1 discussed for steel earlier. 
The flaked or powdered form, as is found 
naturally, would* be no "better than iron filings, 
and . would reduce the heat ^ capacity <of_" the 
masonry wall if added. So graphite wouldvonly_ 
be g6od as large pieees,--sTich as rods arui bricks, 
Industry does manufacture such products, but I 
suspect they wouM be too expensive, 
." Although at one time actively mined in 25 
states, graphite is now mined only .in Texas. 
Apparently foreign sources are more economical. 
. Oils (and waxes) from crankcases, electrical 
i devices, or whatever can be .used "as heat storage 
in place of water. Oil 'has a heat capacity from 
13 to 42 .percent less than water, depending on 
the type. Further, oil is. more viscous, a feature 
„ which reduces the efficiency of heat extraction 
from the sun-heated container surface. All hi all 
then, oil is a significantly less-efficient,, heat- 
storing material than water. 

Waxes and salt hydrates (and their eutectics) 
are being studied for use as a chemical form of 
heat storage. These materials have "the highest 
ability to store heat in a given volume of all the 
materials discussed to this point (up to eight 
times higher than water) . These, materials 
absorb and release enormous amounts of heat by 
changing from a solid to a liquid (heat gain), 
and then back again (heat release) . Water has a 
similar behavior but at a low temperature (water 
to ice) . The costs for the chemicals are not 
prohibitive. However, after a period of time, 
the material has a tendency to remain -liquid and 
not give up its heat when needed. Researchers, 
such as Marie Telkes, have been working with 
these materials for many years, and it will still be 
sometime before they are perfected for general 
use. • * --- 
Waxes are relatively expensive, but salt hy- 
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dratesfcare relatively inexpensive. The former 
we probably cannot afford, while -the latter has 
serious ^design problems not yet overcome.. 
' Eventually, materials and methods should" 
become available which will greatly simplify the 
way we must store heat .now, with massive 
volumes of rock a'nd water. ? 

Collecting and Storing Hot Air 

As I have shown, simple rock and water objects 
are the easiest and most effective way we now 
have of collecting and storing heat for the green- 
house. . \ ' . ■ 

A lot of the solar heat goes into heating the* 
air by contact, creating an excess which is vented 
to the outside, except when the greenhouse is 
attached to the dwelling. 'If your climate -requires 
you to collect every calorie^ the next simplest 
step, after you have added passive heat-storing 
objects, is to consider collecting and storing hot 
air. 

The solar heat that has been converted into 
hot air is more difficult- to collect and store; 
because the heat in the air is so diffuse. Storing 
heat requires' *ir to pass over objects that are 
both cooler and capable of (holding far more 
laeat in a given volume than air. Again, the' most 
common materials used for this purpose are 
water and rock. - ^ 

The air must be spread thin enough over the 
rock (of water) so that hot air does not pass 

- through the heat-storing area uncooled. This is 
best assured by providing a large surface area in 
the storage for the air to pass over. With rocks 
this is achieved by a large bin of stones about 
fist size -through which the hot air can pass. 
Passing small bubbles of hot air through a water 
tank may be bne'way water can be used for this 

' type of storage. In this method- the water -would 



„ occupy less volume than the stones for the same 
amount of heat stored, particularly so when half 

■ the storage volume occupied by the stones is air. 
Each of these methods (air through stone, air 
bubbled through water) has the disadvantage of 
requiring pumps or fans to pass the air through 
the storage medium. . The- amount of air /hat 
must be pumped .through the storage vqlame is 

.: often enormous, On a clear day at least IDO or so 
greenhouse .volumes of air-per day. °. " ' 

Another related disadvantage is the relatively 
low temperature at which greenhouse air is 
drawn into storage, typically less than 90 °F. ' 
Since the efficiency of he,at extraction from the 
air is proportional to the difference in stone and 
air temperature, the efficiency of heat extraction 
from greenhouse air will be. low. 

Herbert Wade, now with the Arizona Solar . 

' Energy Research Commission at this writing, has 

* suggested an interesting greenhouse design that 
may store the sensible heat contained in the 'air 
in a rock bin without fans. His design places an 
inverted pyramid of river stones in bacjc of,the"- 
greenhouse. The wall of loose stones, retained 
by a rigid frame, rises like a 'canopy above and 
over the floor with the greatest mass of stone 
near the ceiling Jwhere the hot air is) and the 
least at floor leVel. Hot air rising up to the ceil- 
ing from the greenhouse interior. passes through 
the rock, cools and sinks into a channel in the 
back of the bin 'where it is vented out at floor 
level, and the cycle, starts over 'again. 

Hopefully, the natural air-circulation cycle" 
created by the cooling of the' stones will be 
strong enough to .pass 100 greenhouse volumes, 
through the bin during a clear day. The" rock' 
bin also absorbs 'solar 'light directly for_ addi- 
tional storage. ..Fans may still be necessary to 
assist the iTeat-storage.and extraction process, but 
far less fan Energy may be required by this.sys- 
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tern than other rock storage systems which force 
the hot air against ihe* natural ftew. "' • 

In a less elaborate way, some researchers [n 
Noti, Oregon, are trying this "approach (see 
Chapter.jEight) . 

A rotk or water storage bin (except for the 
natural circulation type ) can be placed just about 
anywhere. However, installing the storage in 
the greenhouse may take up "too much room, 
under the floor may require too much excavation, 
or outside «nay involve complicated and expen- 
sive ducting and insulation" problems. The best 
"storage locality is in the greenhouse or under the 
floor where most of the heat losses from storage 
will go into the greenhouse. These trade-offs 
should be considered carefully. 

Heat Collected arid Stored 
Outside the Greenhouse 

. Methods which collect and store energy outside 
the greenhouse are complex and expensive and I 
will not spend much time discussing them. I 
refer you to any. of many solar-home building 
books which treat such problems in detail. 

Climatic criteria may indicate a # particular 
greenhouse design cannot collect sufficient solar 
energy internally to operate year-round. Solar 
energy can then be collected on,tside to be stored 
outside (or inside) the greenhouse for addi-. 
tional heating requirements. Outside collection 
arid storage is expensive, because of the mechan- 
ical devices typically required to collect, transfer, 
and store the heated medium (water or air). 
Any: of these systems can be integrated with 
existing heat-storage and delivery systems. 

The simplest system for outside collection and 
storage is operated on a natural circulation cycle. 
An air or water solar collector can be , placed 
below a heat-storage area. Ductwork between the 



collector and storage is provided, s6 that the 

-" heated medium, from the top of the ""collector 
goes into the storage to force cooler" mediurri 

• from storage to the bottom of the collector. This 
proces's continues by natural circulation. At the, 

*°end of^the day, the storage area is. filled with 
heated ^rpek or water whose energy din be 
recycled to l^at the greenhouse. Hot water 
heaters, working on this principle, - have been 
'operating in Japan, Australia^ and ; Israel for 
years. If outside collection is required, then, 
every attempt should be made to design it as a 
natural circulation system." .. " t- \ 

For various reasons, it may- not be feasible to 
install a natural circulation system. In particular, 
it may not be possible to place collectors' below* 

' .storage. In such cases pumps oPfans must be 
used to circulate and store the heated medium. 
Thisj of course, is a step higher irfcost and com- 
plexity above the natural circulation system.. 

A- rather interesting method of outside collec- 
tion and. storage for greenhouse heating is being 
studied at Ohio State University. Here a large, 
deep pond of water is mixed with common table 
salt. By a s'pecial mixing process, layers of the 

" pool are infused with salt a whose concentration 
increases with depth. As the sunjight heats the 

, pool of w^ter, the", heated water tends to rise, 
but the salt layers prevent this occurrence. The 
result is hot water stored deep in the pond pro- 
tected ftom heat loss by the layer of water above. 
Over a summer season the pool will collect and 
store enough heat to provide most of the green- 
house's winter-heating needs. This form' of solar 
heating, is planned for commercial operations, 
where it is most-economical. 

On a smaller scale, certain parts of the country 
could use swimming-pools for storage." Cer- 
tainly salt should - be avoided., but a darkly 
painted pool with a daytime cover and added 
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nighttime insulation could, collect, store, and 
supply a greenhouse, with additional heat." 

The cost of these external- collection and 
storage systems should be carefully weighed 
against costs for conventional heating both now - 
and in the. future. In any event, before exter- 
nal sol^rVand conventional heating systems are 
.considered every attempt should be made to col-® 

store solar energy within the green- 
house/t^elf. 

General Rules of Thumb 
for Heat-Storing Walls . 
within a Greenhouse 

1. First choose materials, which have a 'high 
capacity to store heat and then materials 
.which have a high ability to conduct heat. 
For common materials, choose liquids , 
first, solids (or masonry material) second. 

2. Within the limited room available fn a 
solar greenhouse, as much heat storage as 
possible should be added. However, mas- 
sive ,heat storage alone will not insure 
performance, heavy insulationiriust be 
provided to retain the heat scared. ■ 

3. Water containers: Either opaque or trans- 
parent water containers (metal or plastic) 
can be used. Containers should be thin 
walled, especially if nonmetallic, 

, 4. Containers ideally should be square and 
stacked for good thermal contact: fiver- ■ 
gallon square tins seem to be most ideal. 

5. Heat storage should be placed around all 
interior walls (except in front of clear 
walls) and stacked as high as possible. 
Some support may be required for this 
purpose. 

6. Heat storage should be painted dark 
^colors. 
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7. The perimeter around tlje greenhouse floor- 
should be well-insulated,, especially if" the 
T7~greenhouse contains pqols of ( water used" 
" for heat storage. ' 



Integrating Backup Heat 
Systems with' Heat Storage 



' The backup, heating system should not be 
integrated into the existing storage, whether the 
storage is inside or outside the greenhouse. The 
backup should provide heat directly to the plant 
. area as needed to maintain temperature. Why? 

Suppose a storage-,unit"is cap^^of holding 
enough heat to last four days of jdoudy weather. 
For period of five c|pudy days, one additional 
day of heating is needed. If tlje backup system 
heats the storage first; then it miy have to supply 
two to four days of equivalent heat to the storage 
before temperatures of the storage are high 
enough to deliver heat to the greenhouse. Then, 
on the clear day' following the cloudy period, 
wrien charging of storage^ begins, the storage 
already has a partial charge ana may now become 
overcharged . . . a waste of | heat. If the 3ne 
da|y of extra heat is supplied (directly, then both 
thje "conventional energy and solar energy would ' 
b& conserved. 

The backup system can be integrated ivith the 
stprage. Backup heat can be integrated at the- 
point where the existing ductwork takes heat 
from storage to supply the greenhouse. 

'The best method of uniformly heating the 
greenhouse for storage is provided by heat radi- 
ation; radiant heating would jalso be the best 
form of backup. But most solalr storage systems 
outside the heat-storing walls do not deliver 
radiant heat to the greenhouse, and therefore, a 
*ra4lant heating system would; be difficult to 
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iitfegrate with existinij delivery- systems. Irate- 



grating a radiant heating systeryl with a masonry 
on loiftainer wall would heat the storage and 
create wasted energy. Most l'ikely, the radiant 
system should be a completely independent unit. 
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A soil-heating*backup system can be integrated 
into the planting area it soil ■ temperatures dro'p 
below those optimum lor plant growth (.about 
50° Electric heat tapes are probably the 
most efficient and least costly. 
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Chapter Six 



The Weather and the Solar Greenhouse 



David Ji MacKinnon 



Weather refers to the current state of the .at- 
mosphere, such as the temperature, humidity, 
wind, visibility, cloudiness, and atmospheric 
pressure. How you use all this information 
depends on your purposes. Certainly you ask 
whether it's raining or not before you step out- 
side to wash the car or water the lawn. . Or you 
might v call the weatherman to get an idea of 
weekend, weather for that bicycle ride you 
planned. \ 

When you decide to build a solar greenhouse, 
you ask similar questions: What weather con- 
ditions influence fhe greenhouse? -Am I adding 
enough insulation? How much sunlight occurs 
during the winter? Can I provide year-round 
heatingXjust with solar energy? All these ques- 
tions are important^ but they can all be boiled 
down to two. fundamental elements: tempera- 
ture and light. A plant can survive at low light 
levels but most will die when temperatures drop 
to winter* levels. I have, seen, plants frozen on 
the clearest, sunny days during a fall cold spell. ; 
.The plant temperature is the most important ele- 
TnerrtTluid during the winter you want to main- 
tain good growing temper aturesJrjLjy?reenhouse 
-regardless of light levels. The costs of artificial 
lighting and heating have forced us all to look acy 
alternative technologies : the solar greenhouse is \ 
one. 



How much heat a greenhouse, or for that 
matter arty building, needs depends on a number 
of things including: how well the structure is 
insulated and sealed from the wind; how warm 
the inside is maintained above the outside tem- 
perat|ire; and the amount of exposed 'surface ■ 
area.| The warmer a greenhouse is than the out-) 
side, 1 or similarly, the colder the outside is than 
the inside, the faster heat is lost. Insulation 
reduces the rate of heat flow, but a flow of heat 
confinues from hot to cold, no matter how much 
insolation is addedi A poorly sealed, but well- 
insulated greenhouse, can lose ""tremendous 
anjiounts of heat as the wind blows cold air in 
and hot air out through many tiny cracks. 

? So yqu see that the temperature of the plant 
environment is fundamental-to plant survival and 
growth. And light is also fundamental to plant 
gTrowth. How this temperature is maintained andj 
'it supplied in an economical way is the essencejj 
f a well-designed solar greenhouse. ,. • 

Once the solar greenhouse has beerli43esigned 
o prevent the heat from escaping too fast, you 

Slight ask: How much solar energy is available 
or heating and how do I use it? Since the sun is 
off" during the night and on heavily overcast 
days, and has a shorteperiod of illumination dur- 
ing the"winter, you cannot expect heat when you 
nlbed it. You also find when the sun does shine, 
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a well-designed greenhouse receives energy 
faster than it can use it/ so as the old saying goes 
"why not save some ror a rainy day." In fact, by 
simple method's, you can store enough solar 
energy in p/day or two to give many days and 
nights of .heating during cold cloudy weather 
without burning any fuel for additional heat. • 

Designing the greenhouse to maintain the 
ideal light and temperature conditions for the 
-plants using solar energy alone can be difficult, 
depending upon tl\e climate and time of year. 
There are many trade-offs between how much 
light should, go to 'the plants and how much 
L should be stored directly as heat. 

The most fundamental challenge you should 
consider in designing your greenhouse is: Can 
the greenhouse collect and store enough solar 
energy to maintain adequate growing tempera- 
tures (and -light) through the coldest, cloudiest, 
and windiest conditions normally expected dur- 
ing the winter? If it can, then you can be rea- 
sonably confident thfc greenhouse plants will sur- 
vive your winters. And if the solar light level is 
adequate for plant growth, so much the better. 

An answer to questions about the coldest, 
cloudiest, and windest conditions, as well as the 
amount of sunshiije, lies in the records of the 
United States Weather Bureau.* The climatic 
. records not only describe the long-term average 
of the day-to-day/ Aveather, but also include in- 
formation about ((lie variations of the day-to-day 
weather from the, average. Obviously, the green- 

V 

\* Your local weather bureau makes these records 
available for your perusal. In addition, you can pur- 
chase detailed sunimaries of local climatic data by 
writing the National Climatic Center, Federal Build- 
ing^ Asheville, NC 28801. A small payment of 15<i is 
required for each station summary; remittances should 
be made payable to the Department of Commerce, 
NO A A. 
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house responds to the weather on a daily basis, 
but rarely 'does the daily weather assume average 
conditions." It is for a sequence of extreme daily 
variations or a period of extreme weather 
(coWest, cloudiest, windiest) that the solar 
greenhouse must be designed. 

Using the climatic records assumes that the 
climate of the future will remain essentially 
similar to the climate of the past. You can cer- 
tainly raise many objections to this assumption. 
Not only can climate change from place to place, 
but over many time scales as well. F^r example, 
orj^ the small space and time scale, the 'rise in 
average urban temperature is associated with 
wasted heat released from increasing energy util- 
ization in these areas'within the past 75 years; on 
the large space and time scale, scientists suspect 
a gradual return of an ice age, caused by who 
knows what. The weather records can only 
indicate so much about these changes. 

It must not be assumed that these climatolog- 
ical averages should provide the only basis for 
greenhouse design. Local long-term warming or 
cooling trends do occur; the greenhouse site may 
have a local climate significantly different from 
that at the weather-bureau station and most im- 
portantly, variations in weather severity from 
year to year are large and must be considered. 
Therefore, you are encouraged to consider the 
climatoloqical information and the minimum 
design criteria in Chapter Seven in relation to the 
greenhouses discussed in Part II. 

Winter Design Criteria 

As described earlier, the three essential weather 
elements . that determine the winter operation 
of the solar greenhouse are: sunshine, tempera- 
ture, and wind^ Sunshine (and cloudiness) de- 
termine the amount of solar light available for 
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plant growth and the heat. Outside temperature 
and wind determine, how much heat the green- 
house needs to maintain its environment at some 
given temperature. .Outside humidity is of less 
importance, but low outside humidities indicate 
areas where luimidification of th£ gre'enhouse 
may be necessary. Other weathef^elements, such 
as' rain and snow, have only a- sm^Mpart/te-play, 
unless, for example, you suspect snow will" cover 
the transparent walls of the greenhouse. Upon 
.searching the records, I found that most of the 
extreme weather conditions occur during Jan- 
uary, ^nd it is for this month that the'extremes 
should be^sUidied closely. 

How do weNdetermine the- extreme conditions 
likely to occur in^January during an average 
winter? One way is to^record, for each year of- 
weather records, the conditiohs^during the period 
of harshest weather. Then we cahstake the con- 
ditions for the period between the leashaind most 
harsh (the median, or average) as repre 
tative for an average January. To consider alP 
time record conditions may' overdesign the; 
greenhouse for situations that may never occur 
again within the life of the " greenhouse. So 
designing the greenhouse to survive the median 
or average of the annual extremes will assure that 
.the greenhouse has a good chance of surviving 
January,. - v and therefore the winter, using sokr 
energy alone. 



Sunshine 

I found' the" sunshine conditions most difficult 
to describe. There have been a few studies .corre- 
lating- sunshine and the percentage of cloudiness. 
Unfortunately, the percent of doudiness*4oVs not 
distinguish between thick and thin cloudSjWhich 
greatly^nfiuence the 1 amount and distribution of 
the sunshine. However, by assuming that the 
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cloiids during /January are thick, ' I ■ ■feel," "con- v 
fident I am npt underestimating sunshine con- 
ditions." Be ythat as it may ,° the correlation is 
gopd enoumi that if,, records of clear, partly 
cloudy, ano overcast™ days are available, some 
idea of sunshine'conditions can be obtained. For 
accuracy /actual solar Radiation measurements are 
much more useful. Unfortunately, there are very 
few places where such .measurements are made. 

The United States Weather Bureau has long- . 
term/ records of clear, partly cloudy, and over- 
cast/days for each month of the year for many 
cities in the United States: A clear day* 1 assumes 
that 5 <zero to three-tejiths of the sky is' cloudy, 
partly cloudy — f our^enths to sevens-tenths, and 
overcast — eight-tenths tp ten-tenths. -.Figures 6-1 
and 6-2 show the average number of overcast 
and clear days, respectively, in January based on. 
records frorrf 1931 to I960. These Figures give 
enly the clear 'and overcast days/ the number of 
/partly cloudy days for a given locality can be 
^obtained by adding the clear and overcast days 
amisubtracting the sum from 31. For example 
WaccvTexas, has 16 overcast days arid 9 clear 
days, 'leaving-^ partly cloudy days. I assumed 
the partly cloudyxclays themselves clo not in- 
fluence the greenhouse one way or the other. 
During a partly cloudy^ day^the greenhouse gains 
just enough energy to get to tfie next clear or 
cloudy day. Of, course, this reallyMepends on 
how well .the greenhouse is insulated arid how 
cloudy the day is. But what concerns us hereN. 
the number of consecutive' clear days available 
for collecting heat, followed by the number of 
consecutive overcast days through which the 
greenhouse must operate with no sun. In turn 
this information will' enable us to determine the 
minimum amount of insulation and heat storage 
required in the solar greenhbuse. ^ 
Jr searched for pimple methods which utilized 
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! the Weather Bureau's- data for the average hum,- 
j .. ber of clear; partly 'cloudy, and overcast daysj. I" 
j found a papec by Irving I. Gringorten (19^6) 
who presented, a useful approach. - 

Gringorten- found that one day's weather" con- 
ditions depended very strongly -on the weather of 
the previous day. He developed a mathematical 
model.^hich describes these dependencies ifor 
weather parameters, such as. %ind, .temperature, 
and pressure r ,to name a few. He also found his' 
'model able to p'redict the likelihood .(or prob- 
ability) that any wjeather situation, like rain, will 
persist for a give"tji number of days. He tested 
bis mcjjjel against; actual weather records across ' 
the'nation: the results shdwed remarkable accu- 
racy. r The method was also tested, and proven 
accurate for determining the probability • of a 
given number consecutive clear or overcast 
days. V F* ■ 

' -I followed Gringorten' s procedures and cal- 
culated the probability of having a £iven number 
of consecutive overcast (no sun), and clear (full 
sun ) days, given the average number of days for 
•each' expected during- a- month. Tables 6-1 and 
6-2 record this' data for specific intervals *of 
average/number of ove"rcast\a-nd clear days during 
January, bin they can be used' 1 for any other 
month, • 

Again, let us take Waco, Texas, which lias an 
- average number of 16 overcast days, as shown in 
Figure 6-1. In- Table 6-1, 16 is closest to 15 en- 
tered in row B; then in column A £he probability 
of expecting a continuous period of overcast 
of 'a. given length can be obtained. Accord-' 
ing 'to Table 6-1 column A, Waco has a 97.5- 
percent chance (excellent) of two days of 
continuous overcast. And Waco has only a 2.5'- 
percent chance (poor) of five days of continuous 
overcast. Since the extreme conditions are being 



designed for," I took the 2.5-percent level as the 
longest likely period with no sun, It is" for this 
level that the. solar greenhpus^ should be 'able to 
operate with no solar gain. . v " 

Waco, Texas, also lias on- .the average about 
nine, days of :clear' weather. In Table 6-2, nine 
clear days is nearest teh enter-ecl in fovT;B. '-Then,- 
according to Table 6-2 column A, Waco has a 
,97. 5 -percent- chance, of two cdnsecutive, days* of 
clear weather. It also has a 2. 5 -percent chance of- 
eight consecutive days of clear weather. But 
again, considering the extreme condition, I chose 
the s97. 5 -percent' level or two days as the 'most 

' likely number of clear days be/ore the -next, 
cloudy period'. 

According to the scheme just developed, a 
solar greenhouse in Waco, Texas, should, be 
designed to collect sufficient energy in two clear 
days to survive fiye days - with no sun. What 
about some of the more cloudy localities as in- 
dicated in Figure 6-i, such as the Pacific North- 
west and areas bordering the Great Lakes? These 
regions have| at least 2jQ overcast days and only 
as many as five, clear days in January. Accord- 
ing to my i. 5 -percent overcast criteria (Figure 
6-1) and my g7.5'-percent clear criteria .(Figure 
6-2 ), a sola'r greenhouse in these areas should be 
designed, to collect and store enough solar pnergy 
in one day to last at least eight days with po *. 
sun. • , , ... 

What- about those areas with nearly 2 5 over- 
cast days? In this instance, solar greenhouses 
should be designed to collect fenough solar radi- 
ation in |one» day to last 12; or more days of 
continuous overcast. Quillayute, Washingto°n, on 
the Olympic Peninsula has an average , of 27. 
overcast and only two clear days in January, and 
a solar greenhouse Here should be designed to 
survive at least 1 5 consecutive overcast days with 

.only one day of solar gain.'. Such extreme con- 
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ditions require methods for storing heat for.long 
periods of time; these were discussed in Chap- 
ter Five. 

Temperature 

Assuming we can store most of the solar en- 
ergy during a ' clear period, how fast will the 
energy pass out of the. greenhouse? Recall that 
this depends on how well-insulated and wind- 
proof the greenhouse is, as well as the difference, 
between the inside and outside temperature. The 
insulation and inside temperature are variables 
that we can adjust when we finally determine 
how much heat we need to operate the green- 
house. The outside temperature and wind are 
variables we cannot adjust to remain a constant 
factor. When low temperatures and high winds 
combine during a cloudy period, the greenhouse 
is subjected to its hardest stress, but this is what 
we -have to design it for. 

To specify the lowest temperature conditions 
likely to occur during the overcast periods fa 
somewhat arbitrary. Typically, January cloudi- 
ness is associated with strong weather fronts 
passing from west to east. During these cloudy 
periods the temperature remains at or near 
normal levels (with little daily fluctuation) until 
the passage of the front. The normal January 
temperature ^s the average of the normal high 
and low and is more or less representative of the 
average temperature during an extenjied-dduHy 
period. After the front passes."' the temperature 
often drops to the. lowest experienced in a 
normal year (January). Given that these con- 
ditions are typical, I then --assumed the normal 
January temperature is representative of the aver- 
age outside- temperature during a continuous 
cloudy period, and the last day during the over- 



cast period* I assigned the lowest temperature 
experienced in a normal year. For the clear days 
before and after the overcast period, I also 
assigned the normal January temperature. 
Figures 6-3 and 6-4 show the normal January 
temperature expected in a normal year, respec- 
tively, for the continental United States. These 
temperatures can be used to determine the 

.amount of insulation required on the green- 
house to retain the stored solar, heat for the 
expected overcast period provided we know fhe 
■inside temperature as well (see Chapter Seven). 

Waco, Texas, has a normal January tempera- 
ture of 45°T\ (interpolated from the 40°F. and 
50° F. lines in Fjgure 6-3), while the lowest 
temperature experienced in a normal year is 
about 10°F, (from. Figure 6-4). Thus, W^aco 
will have two clear days at.45°F., followed by 
five overcast days, the first four at 45 °F. and the 
last at 10°F. Kalispell, Montana, on the other 
hand, will have one clear day at 2()°F., followed 
by 11 overcast days, the first 10 at 20°F. and the 
last at — 30°F. before the next clear period. 

) The wind criteria is the final climatic condition 
needed to design the solar greenhouse for winter 
operation. 

Wind ■ 

The wind at any particular locality is very 
difficult to determine, because it is influenced by 
topography, trees, buildings, and other obstruc- 
tions. Figure 6-5 shows the average direction of 
surface winds in January. Generally the arrows 
point from fhe west to the east indicating the in- 
fluence of strong westerly winds., associated with 
passing frontal systems. Figure, 6-6 shows the* 
average wind speed for January in miles per hour 
based on records from 1931 to I960. I assumed 
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this average wind speed occurs during the cloudy 
period, but then doubles in intensity during the 
last (and coldest) day of the overcast r period. 
Certainly, the coldest nighttime temperatures 
occur during calm conditions after a cold front 
has /passed, but designing the greenhouse to 
survive through the coldest expected conditions 
with a strong wind factor gives an extra margin 
of protection. Protection against the wind blow-' 
ing cold air info and warm air out of the green- 
house is probably the single most neglected 
factor in greenhouse design. I cannot over- 
emphasize the importance of this protection. 

In summary, the winter design criteria for a 
solar greenhouse in Waco, Texas, includes the 
following: in two clear days collect and store 
enough solar energy (temperature 45 °F., average 
wind, 1 2 miles per hour ) to survive five over- 
cast days, the first four of which are at 45 °F. and 
an average wind of 12 miles per hour, followed 
by one day at 10°F. and a wind of 24 miles per 
hour. Climatic criteria for any part of the 
country can be developed in this way by using the 
previous Figures and Tables. * 

v Humidity 

In the areas of the Southwest where winter 
greenhouse overheating can be a problem, 
humidification is often necessary. When cool or 
cold outside air enters the greenhouse to prevent 
overheating, the air's humidity lowers drastically 
as its temperature rises to greenhouse levels. 
When the outside humidity is 50 percent or 
less, the humidity of the entering air can drop 
to 10 percent or»less. Humidity should be main- 
tained at 40 percent' or more to combat plant 
wilt. Additional spraying of walkways ''and 
plants is required to keep humidity up. In? 
Flagstaff, I water the walkways and plants on 
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almost every clear day during the winter,' If you 
live in regions where winter humidification is a 
problem, refer to Figure 6r7. 

-Some general observations can be made about 
the v "winter climate design criteria at this time. 
More care will be necessary in designing com- 
pletely solar-heated greenhouses for the Pacific 
Northwest, Montana, and the Great Lakes states 
<..(and New England?) than Florida and the 
Southwest. The eastern states and the upper 
central Plains states will be difficult localities for 
the solar greenhouse; the southern states should 
be relatively easy. Particular attention to wind- 
proof construction should be paidlft the_Qentral 
states, the Great Lakes region, the Atlantic sea- 
board, and the Rocky Mountain states. 

While the previous Figures and Tables give 
an indication of the broad-scale climatic criteria, 
the local variations should be considered in 
many cases. Extra-cloudy conditions could exist 
in the mountains and the lee sides of large 
water ' bodies. Higher winds could e^xist on 
ridges, next to highways and other open areas. 
Lower temperatures could occur in valleys and 
other low-lying areas. My Flagstaff greenhouse 
is in an open field and receives some of the 
strongest winds and coldest temperatures in the 
vicinity. My local climate is not as severe as the 
climate : some /of my friends must endure a few 
miles up the road on the San Francisco peaks. 
They were lucky last year: they had a 47-day. 
growing season. 

One final note: In those regions where diffi- 
cult climatic conditions exist, you may feel 
defeated in not being able to meet the January 
design criteria for solar heating alone. Still, if 
the greenhouse is designed as well as possible to 
meet these conditions, then perhaps you only 
need to delete December, January, and February 
from the greenhouse growing season. However, 
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for the well-designed greenhouse 'only a small 
supplement of conventional energy wilt be 
. needed to get it througjfi the coldest rrWth. 

* . 1 '.. \ 



, ■ ... ■- , \ • 

Spring and Fall Design Criteria 

These periods are difficult for greenhouse oper- 
ation, because of the rapid variations irjfi weather 
from one extreme to the next. Even clear 
weather is difficult, typically characterized by 
warm days and cool or cold nights. It is : or these 
periods primarily that daytime opening arid 
nighttime closure^of vents is required to prevent 
alternate overheating and freezing. Humidifica- 
tion may be frequently required." I spend much 
more of my time adjusting the greenhouse durr 

. "ing these periods, especially in Flagstaff, where 
outside temperatures can go from 5° to 55°F. in 

' six hpurs on a daily basis. 



_ Summer Design Criteria 

Except for a few localities in the United States^ 
-(mountainous areas- primarily), summer green- 
V house operation will be difficult. If a good sum- 
\; mer garden tan be grown in the locaL area 
\, (tomatoes are a good"' indicator) on a regular' 
\year-to-year basis-,; summer .operation of the 
greenhouse may- not, be worthwhile, "In such 
' ar&Ls.. an early-spring planting' -should be. made... 
with the inte'nt to transplant outside as soon as* 
• the' normal growing season^begins. Such a pro? 
gram ^ilt"yieM"early'fvegef"ables started from the • 
greenhouse and late "vegetables 'grown from seed, 
outside. \ 

For those who do insist on summer green- 
house operations there are some common-sense 
factors to consider. ^Normally if daily tempera- 
tures remain below 85° F. and there is a light 
wind, j then partial shading of the greenhouse 



and all vents full open is sufficient for cooling. "I" 
found, old bed sheets made good shade. How- 
ever, as the outside temperature approaches' the 
tolerance- level o£ the_ plants_ ^(around 90° to 
95 °F.)' some alternate cooling must be con- 
sidered. When outside temperatures are at the 
tolerance level, natural ventilation is not . ade- 
quate, no matter how much shading or how 
strong the wind. Figure 6-8 shows the normal 
July daily maximum temperatures. The West 
Coast, the Rocky Mountains, and the northern 
tier of states seem the most reasonable areas for 
summer greenhouse operation ( tempera'tuEes 
85°F. and below). Some additional cooling can 
Be provided in areas with low outside 8 humidity 
by regular water soaking of plants and walkways 
in the greenhouse. The cooling is provided by 
the evaporating water, working on the same 
.principal as the evaporative coolers used in the 
southwestern states. 

Again, humidification _will be needed in -those 
areas *whose outside humidities are below 40 
percent. Since the outside air does pot heat up as 
much as in the winter, spring, and' fall, the 
humidity of the outside air does not drop too 
severely when it reaches greenhouse tempera-' 
Jur.es. Fjgure 6-9 shows t he Julyaaverage mini- 
mum relative numidity which occurs during the- 
hottest part of the. day. Those areas with the 
July minimum below 40 percent will certainly 
_need humidification. 

• Of course, it->is not necessary or desirable to 
grow the same plants 'in -the-, summer as in the 
winter. For the home greenhouse, chodse plants 
which fit the greenhouse environment; don't 
force the environment to fit the plants (see 
Chapters Twelve and Thirteen). 

I have tried to give you a simplified view of 
climate from the standpoint of what the green- 
house is subjected to while it "ffies"Tp keep;:your 
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plants alive and growing". Let me give a relevant 
example. , 

Suppose yo£ live in Kalispell, -Montana, a 
severe January climate indeed. You know, the 
greenhouse*'" should ideally collect and store 
enough energy in one clear day to provide heat 
for 12 continuously overcast days. But you 
would like to continue those healthy; tomatoes 
you started in fall by Keeping the temperature at" 
least to 40°F. or higher. First, you heed to 
calculate how much solar energy comes into the 
greenhouse during one. clear day.- Second, you 
should determine the^, total .energy required (re- 
gardless of the source) to keep the greenhouse 
at 40 °F. or higher for both the one' clear day 
wb-^reenhouse is collecting sol ar energy and the 
f 2 cloudy days it loses?" heat/ For this simple 
calculatien, all you need to know is the green- 
house size, the insulation of the solid and clear 
walls, and finally the difference between the 
average inside and outside temperature for each 
day. . • ' ■ ' v 

• Let's see how a well-designed greenhouse 
would perform in this harsh winter climate. The 
first thing I would try fo assure in my green- 
house^ is well-insulated solid walls.. I'd try at 
least six-'inch'-thick fiberglass bates, a common 
enough material. Then, I would make sure I 
had at least two thicknesses of. glass (or clear 
fiberglass) on the south face. All storm 
windows are constructed this way. I would also 
put up : a night blanket every evening and leaye 
.it up until the sun shined again 12 days later. 
I would measure the area of my clear face,, say 
200 square feet. and then measure the artea'of my 
solid walls, say 400 square feet. These/are typi- 
cal areas for a 10-foot by 20-foot freestanding 
solar greenhouse. I now assume that the average 
greenhouse temperature on the clear day' is 60°, 



but drops to 40° by the last cloudy day, an av- 
erage of 50°F. for the whole period. The outside 
temperatures we know, again from the previous 
charts. The amount of heat needed to maintain 
the inside temperatures is a simple' product of the 
insulation value, the wall areas, and the differ- 
ent between inside and outside temperature. 

Interestingly enough, the above greenhouse; 
could ideally receive 92 percent of its energy; 
needs from the sun. Obviously, the greenhouse 
cannot collect every calorie of. energy, and it 
cannot "be entirely sealed against the wind. But 
certainly what this should tell you is an entirely 
solar-heated greenhouse can almost grow toma- 
" toes year-round in one of the coldest and cloudi- 
igst- ar ea's in our country. 




' In reality, you would be^doing well to stdre 
50 percent of the available solar energy, and t["he 
light levels would be too low for tomato growth 
But you more sensibly can grow lettuce, radii 
and pther cool-weather plants that Hci weH'' in 
low light and let the temperature dtfSjrVnear 
freezing. Thereby you would have an excellent 
chance of growing year-round, even in Kalispell. 

The Kalispell example should give you some 
idea of how the weather information is trans- 
lated in design criteria. In the next chapter, 
use the same "weather information to calculate 
specific values for insulation- and heat storage. 

It is important: to ( realize that all design recom- 
. mendatians- are .based .directly, on - the- weather 
chants. The actual translation of chart informa- 
tion into specifiod'esign criteria^involves complex' 
calculations which in the interest of si7nplicity 
have been done for you. \ 
■ Therefore, the minimum design criteria found 
in the next chapter can be considered a •valuable 
guide to solar greenhouse construction. \ 
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As you have seen in Chapter Five, the simplest, 
way to store 'solar heat in the greenhouse is in 
massive objects, 'Such as water-filled containers 
and earth, directly illuminated by the sun. The 
water-filled containers are the most effective 
storage and are considered the primary storage. 
The ground. in the 1 greenhouse. can also hold a 
Jot of heat, but it heats up slower because it is 
usually shaded from direct illumination; this 
type of storage is referred" to ' as 'secondary 
storage. -.^Secondary storage is important and 
should be included jn greenhouse design. 

As the greenhouse passes into a continuous . 
overcast period, the primary and secondary stor- 
age provides all the heat. First, the primary 
storage provides the heat until the greenhouse 
temperature drops to the level of the secondary 
storage at which point both the secondary and 
primary storages-provide heat. 

You can develop relationships among the re- 
quired amount of heat storage, the insulation 
value of the walls, and the allowed amount of 
wind infiltration for the greenhouse, if you know 
the typical temperatures of the primary and 
secondary storage that can be achieved, the in- 
side greenhouse temperature desired on the last 
cloudy day of the overcast period, and~fhe 



accompanying winter design criteria developed 
in Chapter Seven. 

From these relationships, I wanted to find the 
minimum values pf insulation and heat-storage 
mass in order Sor a greenhouse to maintain a 
minimum temperature of 40° F. for all climatic 
locations in the continental United States. All 
of these relationships can be expressed by one 
term which I call the. heating design factor. 

First, I calculated the heating design factor 
with no wind infiltration, equal heat capacity 
for primary and secondary storage, and tempera- 
tures of the primary. storage ranging from 60° to 
80 °F., and values for the secondary storage rang- 
ing ^from 50° to 70°F. I. arbitrarily assigned 
specific storage temperatures within the above 
xanges depending on- climatic" location and the- 
likelihood of achieving the storage%mperatures. 
For example, I chose low storage temperatures 
for cloutly^and/or northerly locations, and high 
storage temperatures for sunny and/pr southerly 
locations. 

The results were developed into a map„of the 
United States divided into 47 zones with differ- 
ent heating design factors. This data was further 
simplified and generalized into results' 5 which., 
should give you a good idea" of minimum con- 
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struction features for your greenhouse. These 
data are presented in Figures 7-1 through 7-3; 
Figures 7-4 and 7-5 are supplementary data 
which I am recommending as guidelines which 
seem reasonable. For these later two figures, I 
have not developed a rigorous analysis as I have 
for the previous four. 

Figure 7-1 shows the minimum average 
R-value for the aboveground walls, including a 
nighttime blanket, with which you should build 
your greenhouse. A nighttime blanket is a cover 
placed over the clear walls at night and during 
cloudy periods. The R-value is a common mea- 
sure of the insulation value of the wall. Refer to 
Chapter Three t'o become reacquain-ted with its 
definition. The average R-value is related to the 
component surface areas and R-Vlues for each 
of the greenhouse walls. The miniS^im average 
R-value is the least average R-value winch your 
greenhouse should have: 

The average R-value for your greenhouse can 
be calculated in the following way. Measure the 
areas of each, of your aboveground walls and 
divide into each of these areas its R-value. Add 
each of the resultant values together and divide 
this figure into the. total wall" area. This is the 
average R-yalue. 

The Flagstaff greenhouse, which is discussed 
in Chapter Eight, has a double-glazed clear wall 
with an uninsulated night blanket (R-3)- The 
roof ha^s six inches of fiberglass batt (R-19) ; the 
side walls have 3% inches of fiberglass batt 
(R-ll). Placing these values into the relation- 
ship yields an average R-value of 6.25. This 
value is slightly lower than the 6.5 to 8.5 range 
suggested by Figure 7-1. As you shall see in the 
next example, I can improve the average R-value 
of the Flagstaff greenhouse by adding an 
insulated night blanket. 



1 1 1 

The Maxatawny greenhouse, which is also 
discussed in Chapter Eight, has a double-glazed 
clear wall with an uninsulated night blanket 
(R-3).' All the other walls have the same 
insulation value, consisting of seven inches of 
recycled newspaper (R-22). The resulting aver- 
age'R-value is 8.2 which is significantly less than, 
the range of 1 2 to 22 shown in Figure 7-1 for 
Maxatawny's location. If you look at the rela- 
tionship for the average R-value closely, you 
will see that the low component R-value for the 
clear walls causes the average R-value to be low. 
For this reason, an insulated nighttime blanket is 
recommended, for the clear face having an 
R-value of at least 10 or greater. Such a blanket 
will increase the average R-value for the green- 
house to 17 or greater. Recommended R-values 
for nighttime blankets are presented in Figure 
7-3. 

Figure 7-2 shows the minimum recommen- 
dation for the volume of primary heat storage in 
terms of the floor area of the greenhouse. The 
insulation values shown in Figure 7-1 were ad- 
justed according to the minimum heat-storage 
volumes recommended in Figure 7-2. You can 
redJfce your required average R-value by in- 
creasing your storage, provided the increased 
storage intercepts more sunlight as well. It is 
important that you place primary storage to 
receive as much direct sunlight as possible. 
Storage should be placed to intercept at least 30 
to 40 percent of the sunlight passing into the 
greenhouse. The water containers (primary 
storage) in the Flagstaff greenhouse are stacked 
along the interior walls and receive at least 37. 
percent of the sunlight passing into the green- 
house during the winter. 

The Flagstaff greenhouse has a floor area of 
240 square feet. From Figure 7-2 the recom- 
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install outside battens over vents and doors 'dur- 
ing the winter. 

Those of you in particularly windy areas 
(refer to Figure 7-6) be advised that you can put 
10 feet of insulation in your greenhouse walls 
and your'plants will still freeze if your green- 
house is not as airtight as possible. 

Figure 7-5 is a recommendation for ground 
insulation: depth and R-value. The insulation 
should be placed around the perimeter of the 
greenhouse. The best insulation for this purpose 
is rigid closed-cell foam, such as polystyrene or 
polyurethane, that does not crush under weight. 

Figure 7-6 is a minimum recommendation for 
the number of glazings (number of llTyers of 
glass or plastic on the transparent walls). Dur- 
ing one test, the Flagstaff greenhouse survived 
a unusual, sequence of 12 stormy days in which 
only one of the 12 days was clear (the middle 
of the period) and the rest virtually solid over- 
cast. During this period in January, the average 
temperature was 24.4 °F. with a crackling — 7°F. 

: Eigu-re-J-^.4 was developed for a wind suffi- during 4lie4iight following-the lasLday, _All_this . 

cient to infiltrate and change .the greenhouse air was achieved with one glazing (fiberglass) and 
once every two hours. I calculated the infiltration an uninsulated night blanket. During the — 7°F. 
rates for the Flagstaff and Maxatawny green- ' night, >h'e greenhouse temperature did' drop to 
houses during the average wind/ conditions in- 34>F^. . . . but it survived. For the rest of the 
dicated by Figure 7-6. Bo(di rates were close ^o^-V inter the minimum . greenhouse temperatures 
one greenhouse; volume every two hours. This remained above 4()°F. 



mended "ininimum storage is 480 gallons (2 
gal./sq. ft| jk 240 sq. ft: = 480 gal.). Currently 
there are'5'00 gallons (1976-77 season), but 
storage will be increased' to 1,000 gallons. For 
Maxatawny, the floor area is 2 56 square feet. 
From Figure 7-2, the recommended storage is 
780 gallons, currently there is 800 gallons and 
no room for any more. ! 

The volume of the secondary storage whose 
effects are included in all the data is assumed to 
be the entire floor area of the greenhouse down 
to the two-foot level. 

Figure- 7-4 shows the effects of wind on the 
minimum average R-value required to maintain 
the greenhouse at 40 °F. or greater. The insula- 
tion value of the walls must be increased to 
balance the heat blown out of the'- greenhouse 
by the wind. This was just one of many ways to 
demonstrate wind effects. The colder the out- 
side temperature, the greater the heat lost for a 
given infiltration rate. And the higher the out- 
side wind, the greater tht infiltration rate. 



rate was used for all locations in developing 
Figure 7-4. 

On the last" cloudy day of the design overcast 
period the wind doubles, but the infiltration rate 
for both the Maxatawny and ^Flagstaff green- 
houses triples. This adds on pctra stress in the , 
greenhouse not shown in Figure 7-4. I was 
surprised that the wind /created such strong 

effects on whir I thought were fairly airtight 

reetThoLises. It appears that the only /simple 
way to present such large infiltration rAtes is to 



One final riofe: Chapter Six contains "large- 
scale" climatic information. If you have local 
climatk'information for your area, compare it 
with the charts. ■ If your weather is greatly differ- 
ent from that depicted in the charts, go to a zone 
with similar conditions. Then return to this 
chapter to find your adjusted minimum desig4 
criteria. 

Of course-, you .should weigh, the recommended, 
minimum criteria against actual working designs 
for a given area. In the final analysis, a working 
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greenhouse is your best standard. A number of 
working greenhouses from various regions of the 
country and Canada are discussed throughout the 
remainder of the book. 
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Constructing the Solar Greenhouse 



Chapter Eight 

The Ereestandmg Greenhouse 



Jack Ruttle 



At this time there are perhaps no more than a 
few truly solar greenhouses in operation in 
this country — and most of these are attached 
greenhouses. The reason for this development is 
obvious.-' Attached houses are relatively inex- 
pensive to construct and convenient to maintain. 
Furthermore, attached houses can provide a 
significant) amount of heat and food. 

On the^ other hand, although a freestanding 
house woni't offer all the above advantages, many 
are being Constructed and many more contem- 
platejd^There are a number of reasons for this 
phenomenon.- Some people might want a larger 
growing area than an attached house potentially 
provides. .In some cases, the existing home might 
not have an orientation suitable for an attached 
house, which, is true, of the Mackie and 
McDougall houses discussed in this chapter. Or 
in some cases, there might be adjacent obstruc- 
tions, such as trees and outbuildings, that make 
construction of an attached house inadvisable. 

Or perhaps a school, such as the Canyon Park 
Junior High School in Seattle, Washington, 
wants a greenhouse to serve as an*interdisciplin- 
ary tool,; in this case a freestanding greenhouse is 
desirable. 

Or perhaps a community group wants a large 
solar greenhouse for vegetable production. In 
this case also, a freestanding house_jnight be in 
order. 



Or perhaps people are simply excited by the 
"solar" and aesthetic chaljenge inherent in the 
freestanding greenhouse idea. 

Reflecting all the above reasons, most of the 
solar greenhouses featured in this chapter have 
been built by individuals with an interest in 
applying passive solar technology to the green- 
house. Several of these people have affiliations 
with organizations: the New Alchemy Institute 
and their various benefactors, David MacKinnon 
with the support of the Museum of Northern 
Arizona and Rodale Press, Inc., and Bear Creek 
Thunder with the Ecotope Group and Pragtree 
Farm. Consequently, they can all draw on 
people, talent, and money beyond themselves, 
applying formal research and development tech- 
niques to solutions for low-technology living. 

What has pressed these designers into such 
research projects ,'s that they envision the solar 
greenhouse as an essential »tool for the future. 
Though they have worked independently, they 
all anticipate an increasing need for locally 
grown fresh produce in winter, as the fuel for 
growing and shipping vegetables from the semi- 
arid regions far to the south becomes prohibitive. 

The Brace Design 

The first real testing began four years ago at the 
Brace Institute* in Montreal. The climate there 
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Figure 8-1 : The Brace design. 



is so severe that local greenhouse growers even 
then were finding it hard to operate. Researchers 
at Brace wanted to help them continue in busi- 
ness and help Montreal become a little less 
dependent on the south for food. 

Brace focused on just one aspect, reducing the 
n*ed for fuel by insulating the north wall. Ac- 
tually, there was no doubt that insulating large 
expanses of glass wall would drastically cut heat 
losses. But how much? And would the resul- 
tant reduction in light cut into plant production. 
They probed those questions with a simple test 
which was conceived as a demonstration for 
local growexs. Everyone likes a race; the Brace 
people built the new greenhouse next to a con- 
ventional design and ran one. ^ 

Both houses were heated to a level necessary 
for a crop of commercial tomatoes in Montreal's 
winter. The new design required one-third less 



fuel. Beyond the impressive redrMioj&Jn fuel 
costs, the crop in the solarized housie grew f asteffe 
Though a little less light entered that green- 
house, none could pass on through a-cleat north 
wall. The Brace design provided more total 
light for growth by bouncing light back to the 
plants with a. reflective coating on the insulated 
wall. Few people anticipated superior growing 
conditions in a greenhouse that had less clear 
surface. Therefore, the Brace- findings repre^ 
sented an important advance in greenhouse 
knowledge. 

Unfortunately, the commercial growers that 
Brace wanted to influence haVe been slow to 
recognize the significance of the design change 
and adopt it. But for several of the freestanding 
solar greenhouse designers, the work at Brace 
was the maverick -break with tradition; it 
breathed life into a dream of low-energy vege- 
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Photo 8-1: The grape house. LyiiiitH lisliile. W dlthain , Mcissachi/sells. 

commercial practices, the old greenhouse runs 
east to west to capture the sun effectively. People 
then knew that plants would grow illuminated 
by -just the southern half of the sky. It was 
heated by a wood furnace separated from the 
growing area by a thick brick will. A gently 
sloping flue runs the length ofj the house to a 
chimney at the far end. Warm air in the flue 
heated the wall. The furnace in the back room 
.also radiated heat into the wall, top to bottom. 
The plants were warmed not by occasional blasts 
of hot air, but by steady radiant heat from the 
bricks, a fine structural material for absorbing 



-? Uiblc production during cold seasons. 
Historical Designs 

In each of the greenhouses in this chapter you 
can see some of the lines of the Brace design. 
Moreover, these greenhouses hark- back to some 
simple designs of centuries ago. 

The old "grape house" (1804) at the Lyman 
Estate in Waltham, Massachusetts, is typical. 
The shape would constitute a classic prototype 
for a commercial-sized modern solar greenhouse. 
There are other similarities. Unlike modern 
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energy. Today, if using lire to supplement heat 
in a solar greenhouse, _\ye^ would re*, omnvnd 
burning intensely to charge up the mass in the 
greenhouse rather than burning it slowly all 
night. 

The large house was a monster to run. A 
smaller and older"(TS00 or earlier ) freestanding 
greenhouse at the estate is more characteristic of 
forcing structures commonly used in eighteenth- 
cenrury America and Europe, where the design 
comes from. It is a tool for starting early vege- 
table and flower plants for the nearby kitchen 
garden, and is really midway between a green- 



house and a cold frame. A tall person has to 
.sloop in walk in it. A — muds ^mailer wood 
furnace works the' sainc as in', the large green- 
house. Even .better, it and thej flue are built into 
the rock walL which retains thl: waist-high grow- 
ing bed. The rock radiates heat directly into 
the soil of the growing "bed as well as the air. 
On the shallow-glazed face, there arc channels 
for two layers of sash. Ventilation was as easy 
as opening a window. The house might have 
been double-glazed though it isn't now. 

More than anything else, such similarities be- 
tween the oldest and newest greenhouses hint at 
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the simplicity _of thej^inique^wh^^ free- 
--s+afilfing houses work. But the array of versatile -■ 
insulating materials, we have to .work with and 
the skillful integration by modern designers of 
measures for admitting, containing, and storing 
heat, set us far ahead of' vegetable growers 200 
years ago. 

Contemporary Designs 

Looking to the future, it is tempting to say that 
we will not see better technology for solar green- 
houses developed than what these designers have" 
worked into their freestanding passive structures. 
The study of solar heating is not new, and the 
people represented in this chapter are well 
schooled in the methods. Materials for glazing 
may improve — plasties have some wonderful 
properties. But for admitting light energy and 
trapping heat radiation, there is hardly a finer 
material than glass. Nor is there a readily obtain- 
able substance that comes close to water for its 
heat-absorbing capacity. Considering the abun- 
dance of water, it is hard, to imagine a replace- 
ment. Brick, stone, and concrete absorb radi- 
ation reasonably well while doubling as part of 
the structure. 

So the materials and know-how for fine solar 
greenhouses are at hand. The solar features are 
not costly "or subject' to failure because the struc- 
tures do not need collectors, pumps, pipes, or 
; power. Technology per se is purposely designed 
out of passive systems. 

The similarities among 'solar greenhouses are 
in the large features: two glazing layers, gener- 
ous amounts of insulation above and below 
ground, and large masses of water and earth for 
heat storage, much of it in direct radiation. By 
no means does each greenhouse use all of them.. 
However, common 'use suggests a consensus that 
these few techniquQs are essential in any climate 



which requires a large structure, attached or free- f 
sta.nding^ in order to sign ificantly oc^nd___tlie j- 
season. 

The principle achievement of solar greenhouses- 
designers has been in putting all the elements 
together to., create passive systems that work 
through the winter. It is only natural that these 
people should all be attracted to the challenge of 
freestanding greenhouses. That many situations 
are only suited for freestanding 'greenhouses is 
reason enough. Moreover, by solving the prob- 
lems of the most demanding design, they have 
evolved techniques and insights*which are appro- 
priate for all applications right down to attached 
greenhouses and solar cold frames. 

The optimum combination of parts into a 
passive greenhouse for any climate is not clear 
cut, nor can an ideal design be abstracted from 
the buildings treated here. There are intriguing 
differences among all of them. Each system is a 
compromise between the builders' ideas anjd^ 
the demands of quite different climates, between 
economy of space, money, and convenience of 
operation. • 

Because almost every greenhouse waTTspe- 
cifically designed to be entirely passive and to 
operate through the winter, yoi^havea very 
neat basis for comparison. Examining all of 
them allows you,, in some measure, to learn 
thjiws which go beyond the one or two examples 
lkiiltif op a particular region. " This will help as 
you anticipate features you will need to incor- 

S.s you design your own. And it is why 
pter presents detailed information con- 
oveather, interior climate, and ' design 
features. To the extent possible, that informa- 
tion is presented uniformly for each greenhouse. 

Collectively, the principles gf successful inte- 
gration of the essential features as detailed in 
Part Twill become clear. The key is to look for 
the balance in each system. Systems that work 
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well do so because the parts all complement each 
other not solely because of great quantities of 
insulating' or storage' materials. Many of the 
designers will confers to relying a littlej* too ■ 
heavily on some feature or other at the outset ,of 
their Work. Changes are contemplated for all of 
them. The trend is not to alter the larger aspects . 
of the design, but to amplify partsc or add 
features that were omitted. Though there may 
be room for improvement, each of these green- 
houses has worked and has worked well. 

One essential feature* they all share, though 
not very visible, is careful craftsmanship. It's 
free and withjn the reach of .every builder. 
There is absolutely no point in giving meticulous 
attention to shape and; materials, then' losing 
energy through careless cuts and joints. The 
-better the greenhouse i&- insulatieid, the -mo_re its 
total heat loss will be due to infiltration of cold 
air. These designers report that they anticipated 
seams, especially around openings and glazing 
joints, in the planning stages and reduced them 
as much as possible. Once the greenhouses were 
complete, cracks have been hunted down like 
vermin" and sealed. 

At first glance, several of these greenhouses 
will appear^so expensive as to make the vege- 
tables grown wiBifa~arhjjau^^or _ the rich only. 
Remember that they were built, from all new 
mate rials a nd sometimes with ojutside labor for 
the sake of saving time and probing ideas 
quickly. As research projects go, they are cheap. 
Several others here have„put up solar green- 
houses with some salvaged *materials that are 
cheaper than traditional all-glass., hobby or, com- 
mercial greenhouses. Using permanent ma- 
terials, you should be able^ construct a solar 
greenhouse like these that will outlive you. 

Because the winter of 1976-77 was' the first 
.winter of operation for halfthe greenhouses, it is 
used* as a reference point 'fo^ all cases. That' 



'se,ason was also unusually 'cloudy in "the South- 
west and bitterly cold in the Northeast. Average 
weather extremes are -provided as well. -Con- 
sequently there is common ground for comparing 
the performance of these greenhouses among 
themselves as well as to . your own projected 
design. (Notice, too, •the reliability of the rules 
of thump in Chapter Six in providing accurate 
extreme design conditions. 

As a guide to actual construction, details of 
techniques for each step along the way are pro.-., 
vided for David MacKinnon's. Flagstaff green- 
house. Not onh/ does this one embody every 
essential feature of a solar greenhouse, but his 
very simple techniques guarantee a well-sealed*, 
permape-nt, and reliable structure. This descrip- 
tion is not a recommendation or endorsement of 
MacKinnon's particular blend of elements, such 
as, the amount of insulation, storage, and type of 
curtain.; Specific components wjll be different in 
every climate;. Likewise, there are different con- 
struction techniques-appropriate to Solar green- 
house building. For example, MacKinnon's 
foundation is 'best suited to a dry climate. 
Accordingly, useful alternate techniques are 
highlighted in each of the greenhouse cases 
cited. In turn, the" construction as well as the- 

_de3.igriinf«r-mati©n presented "here is intended to 
have direct bearing on subsequent chapters fea- 
turing attached greenhouses, pit greenhouses, 
and solar cold frames. 1 • ~~"~"7~ 



David MacKinnon 

Flagstaff, Arizona 



35° North Latitude 

David MacKinnon has studied solar greenhouse 
and cold fxame design for several years, fork- 
ing with Rodale -Press he has built two free- 
standing greenhouses in Arizona and Pennsyl- 
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Figure 8-2: ' Greenhouse d)^ienpom. 



■ vania. In operation for one winter, his second 
design at the Museum of Northern Arizona. at' 
Flagstaff, maintained .an excellent interior 
climate throughout the season. Bountiful crops 
grew and were harvested steadily. The average 
nighttime lows inside hovered around 50°F., 
with no need for heat from outside sources. 



Orientation: Due south 



January Climate Outside: Overcast days average 
13 this month. Two consecutive overcast days 
are likely. Five consecutive cloudy days is the 
longest stretch in ari average year. Flagstaff alss 
gets^an average 13 clear 'days in January. Three 



clear days in succession is usual. The average 
temperature is 30°F. The lowest temperature 
for the month averages — 10°F. Average wind 
speed is 7.7 mjpli. 

These g^id'|jy>sts for designing a solar green- 
house constitute a fairly accurate prediction of 
the real conditions in Flagstaff for the winter of 
1976-77. It was slightly more cloudy than ex- 
pected, but it was a little warmer too. The tem- 
perature reached — 7°F. on two nights. The 
average outside low was '12.5 °F. Fifteen days 
were cloudy, 14 days were clear. Twice, how- 
ever, they experienced five-day cloudy periods. 
The first of these at the outset of the month was 
actually part of an extremely rare 11 -day period. 
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figure 8-3: Floor plan and perimeter insulation. ■ a „ 

Climate Inside: . The greenhouse did not require last night of an 1 1 -day period with little energy 

extra heat. The average nighttime low was from the sun. 

49°F., very good for cool-season leafy greens. ^ 

Once the temperature dipped to 34°F., on the Configuration: The greenhouse is 12 feet wide 



-^a-.. 
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Figure 8-4: Foundation with insulation installed. 



THE FREESTANDING GREENHOUSE 



129 




ii 



Figure 8-5: Piling detail. 

and 20 feet long. The peak is over the midpoint 
of the north-south axis and rises 9V> feet above 
the ground. The clear south face is 10 feej: high, 
from the 1-foot vent walj in front to the peak, 
and is sloped at 56°. The rear roof is sloped 43° 
down to the 4-foot kneewall in back. 

There are 240 square feet available for grow- 
ing space and walkways, illuminated by 200 
square feet of clear surface. 




Figure 8-6: Detail: Wire mesh installation. 



Construction: The foundation is'sturdy, cheap, 
and constructed -with minimum materials. Sec- 
tions of railroad ties serve as pilings. The foun- 
dation was excavated to a depth of 3 feet (frost 
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Figure 8-8: Framing detail. End tff alls 



line) so that the insulation could be installed. 
The pilings were set at each of the corners and 
at the midpoints of the two 20-foot walls, with 
the tops of each piling at ground level. One 
piling was set in the middle of the hduse to 
support the center post. 

To_supp_prt ,Jhe=^is^tit?n Ji ^eTow ground, % : 
inch wire mesh w^as attached to the perimeter of 
the piling foundation (outside the insulation). 
The wire also serves to prevent rodents from 



destroying the insulation afed^ getting into the 
greenhouse. More insulation was laid over the 
excavated floor and the ear^th was repjac£d*==i%g- 
stones cover the excavate^ 
^Six^bj^sjx4ncrT^nrbeams were bolted to the 
tops of the pilings around the perimeter. This 
framework supports the building. This par- 
ticular .foundation is best suited to greenhouses in •. 
dry climates. ■ However, any similar cost-saving 
shortcuts are desirable; the conventional- poured- 




Photo 8-5: Completed greenhouse. 
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Fiberglass 
Batts 




Figure 8-9: Section Insulation in place 



concrete-and-block foundation is much stronger 
than is necessaty to support mc/st solar green- 
houses. / 

Standard- 2 x 4 framing, practice! were fol- 
lowed, with studs on 2-foot centers. The roof 
was constructed with 2 x 6s id allow for thicker 



insulation. .The. interior And exterior are 
sheathed with plywood. All/wood in the build- 1 
ing is treated with a preservative nontoxic to 
plants'. The exterior is pa/nted white^ and the 
interior walls ace covered with aluminum foil to 
direct tight back to the /plants. The roof is 
covered with tar paper acid rolled roofing ma- 



terial. 



/ 




Insulation: The foundation is insulated from the 

/ 



Photo 8-6: Insulation installed. Interior. 
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Photo 8-7: Curtain stored. 



ground outside by planks of polyurethane foam 
1 V; inches thick. Insulation extends 3 feet into 
the ground and covers the bottom of the foun- 
dation. MacKinnon reports that he would riot 
cover the bottom with insulation again since the 
earth temperature inches below the frost line is 
in the low 50s which is what his insulated earth 
achieves at the deepest levels. Instead, he recom- 
iriencis using thicker foam planks (2 inches) and 
extending them deeper into the ground, about 6 
inches below the frost line. 

The walls contain 3^ -inch fiberglass batts. 




Photo 8-8: Raising curtain. 
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The ceiling is insulated with 6-inch fiberglass 
batts. 

A homemade curtain insulates the clear Jace 
at night and on cloudy ,days. The fabric is para- 
chute material from an army/navy store. Over 
one side of it, ordinary aluminum foil has been 
glued with contact cement. It is lightweight and 
has proven very durable. During the day it lies 
in a bunch along the bottom of the glazed wall. 
In the evenings it is raised up by a pulley at the 
peak. It is supported/, by guy wires strung paral- 
lel to and a little below the rafters. 

MacKinnon reports that the curtain prevents 
heat losses which amount to 10° higher night- 
time minimum temperatures.' That is testimony 
to the significance of radiation losses through 
glazings. The curtain is thin and has a relatively 
low R-value. It does restrict air flow over the 
surface. But it could do a better job of that too 
since about a foot and a half of glazing on- each 
end is leftj uncovered, simply be'eause the Wires 
to move the vents would be obstructed. 
MacKinnon says that the curtain undoubtedly 
would block even more heat if it covered the 
entire' glazed surface, were sealed somehow to 
prevent drafts, and included some truly in- 
sulating material. As is,- though, the green- 
house has maintained good growing, tempera- 
tures. 

Glazing: The exterior glazing is 5 -ounce regular 
Filon sheets fastened vertically (from peak to 
ground) to the top of the 2x4 rafters on 2-foot 
centers. 

Inside the second layer is 5-mil acetate. The 
acetate is glued to 3^-foot-by-2-foot wooden 
frames with silicone sealant to make a taut panel. 
The frames are "nailed to the bottom of the 
rafters creating a 3 3 /2"i ncn dead-air space between 
glazings. MacKinnon used acetate because it 
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Figure, 8 - 1 a : Exterior glazing in si all dl ion . 
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Figure 8-1 Ob: Detail: glazing installalioi 



Photo 8-9: Water storage: 500 gallons. 

acts more like glass than polyethylene does: it 
admits more light and -lets- less radiation back 
out. 

Heat Storage: 500 gallons of water in 1 -gallon 
translucent plastic jugs are stacked on'their sides 
along opaque walls. The water has been dyed 
black with Rit dye to absorb heat better. The 
stack on the rear wall is 4 feet high and receives 
direct radiation most of the day. The stacks on 
the side walls are 6 inches high and receive 
direct ^radiation part of the day. For each one 
Fahrenheit degree rise or drop in water tem- 
perature, the storage takes in or gives back 
4,165 Btu's. 

The bottles are stacked on their sides for two 
reasons. First, it presents to the sun a dense pack 
of water. If they were stacked on their bottoms, 
the area around the neck would be open and 
energy would not be captured in those spaces. 
Second, there is close contact on all sides of the 
containers, so when more heat is stored in one 
area it can migrate to an area with less heat. The 
bottles are kept in place on their sides by wiring 
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Photo 8-10: View oj heat motor ,tl lop vent <ind 
wire-spring conpgiirdtion for opening 
bottom vent. 

the necks to chicken wire stretched between, 
furring strips on the wall. The only disad- 
vantage to the system is that the bottle tops don't 
seal well. Stacked on their sides, some tend to 
leak under pressure.' 

The floor also can store energy because it is 
insulated from the outside. Daily, only the top 
6 inches (about 120 cubic feet) exchange heat 
with the greenhouse air. How much heat that 
space holds varies with the amount of water in 
the soil. Assuming that one-degree temperature 
change in the soil involves 20 Btu's per cubic 
foot, the entire floor has a daily capacity of 2,400 
Btu's for each one-Fahrenheit degree change. 
The soil in the planting containers also captures 
and releases some heat. 

Over longer periods, heat stored throughout 



the 3-foot depth of soil is important for main- 
taining greenhouse temperatures. 

Vents: Since the greenhouse holds heat so well, 
it is prone to overheat in the warmer and longer 
days of spring and autumn. Vents are essential 
for long-season operation, but the cracks around 
the insides become prime heat-loss spots in cold, 
windy weather. MacKinnon located vents near 
the peak at both ends of the greenhouse and a 
series of smaller ones in the wall along the 
ground at the south face. 

The vents are lightweight, made of a single 
piece of plywood with styrene foam glued to it. 
The styrene fits the vent opening tightly, but 
the plywood is, larger than the opening so it 
overlaps to batten the joint. Crushable foam 
weather strip surrounds the perimeter of the 
styrene door. The Tents are operated by a heat 
motor that exerts 50 pounds so they are held 
tight and the foam weather strip fills the cracks. 

Heat motors mounted at each of the>en'3-wall 

f 

vents operate all the low vents as >Vell (via 
pulley and cable) automatically withoiit outside 
power. Temperature-sensitive metals! do the 
work. MacKinnon recommends the ^particular 
ones he is using. Their starting temperature is 
adjustable, and they work with great jforce. By 
adjusting the location .of the heat motors, the 
distance they will move a vent can be controlled 
as well. They are made-by John Hoffman, Inc., 
Sierra Madre, CA 91024. 

Gardening: MacKinnon tried a variety 'of crof> s 
in the greenhouse. Compared to their produc- 
tion in a summer garden outdoors, some thrived 
and some grew very poorly. Bush squash grew 
into nice plants, but the fruits were tiny and not' 
worth the time and space. Neither did onions 
or bulbs, broccoli, spinach, qr beets do well. 
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Tomato, lettuce, and radishes all produced 
abundantly. Tomataoes, in fact, will yield better 
in a solar greenhouse during early and late winter 
than they do as an outside crop in Flagstaff's dry 
and very short summer. MacKinnon started his 
tomato plants for the greenhouse in the summer 
and by Christmas, harvest began. Ripe tomatoes 
were -...picked regularly for two weeks. For a 
three-week period in mid-january,.none ripened, 
then harvest began and continued steadily. 

nR^dTsT^TMid4ettace-TKeie_seeded in the green- 

house on October 25. More were seedelTThTee~ - 
weeks later. Beginning at Christmas, both were 
picked bi-w.eekly all winter. 

This system shows that relatively small 
amounts of storage can work. The reason is two- 
fold. The greenhouse is well constructed and 
insulated, and Flagstaff can depend upon 
plentiful and intense sunlight. Despite a . 
cloudier January than normal, the solar green- 
house created good growing conditions. After 
the longest cloudy stretch, the temperature 
dropped to 34 °F., but no supplemental heat was 
needed to keep the plants producing. 

Still, MacKinnon plans to double the amount 
of water storage in the greenhouse. Though 
more isn't absolutely necessary, there is room to 
double the amount without infringing upon the 
plant-growing area. MacKinnon will replace the ' 
plastic jugs with rectangular, metal five-gallon 
containers painted black to get 1,000 gallons 
stacked- against the walls. 

In addition, the greenhouse floor will be con- 
Verted to rectangular beds and pathways. Plants 
"fvill be planted directly 'into the ground. 
MacKinnon foresees better use of the green- 
house area for higher plant density than pots 
allow. Pots also shade the floor from direct radi- 
ation, so beds may allow more efficient heat 



collection by the. soil (especially when plants are 
small) . 

MacKinnon has strong feelings about the re- 
flective coatings used inside to redirect radiation. 
His greenhouse uses aluminum foil glued to the 
walls. Foil focuses radiation in a much narrower 
pathway. Most of it is aimed right back to the 
floor and plants. He reports that when he looks 
into his greenhouse from the outside it looks 
black, a sign that little radiation is pointed back 
out. White paint scatters the radiation, and some 
ef- -it- will pass out through the glazing so tEat the- 
greenhouse appears white viewed from the out- 
side. . . 

On the other hand, white paint won't cause 
radiative "hot spots" in the plant beds as foil 
can. Furthermore, aluminum fbil conducts 10 
percent more heat through the walls than white 
paint will. Irt effect, Jt decreases the insulat ion — 
MacKinnon feels both substances have their 
advantages and recommends a choice based on 
economics, ease- of care, and aesthetic prefer- 
ences. 



Bill and Marsha Mackie 

McMinnville, Oregon 

45° North Latitude . 

Bill arid Marsha Mackie have operated their solar 
greenhouse since the winter of 1975-76. Initially 
■their goal was to get some vegetables for the - 
table through the winter and to raise softie fish 
in the tank which contained water for thermal 
mass. They would have liked to attach the green- 
house to their home. But their primary concern 
has been that the greenhouse be entirely solar 
heated, and there is no room on the side of their 
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Photo 8-11: Vretwlividing ^rtenho/ise. McM/iii/r/lle. OV'iw,>. 



house that faced the sun. So they devised a 
passive solar- greenhouse which has done a .good 
job of trapping and retaining heat and growing 
plants. 

They salvaged materials for the greenhouse 
zealously to keep costs down. A high-quality 
double-glazing is essential in their opinion, so 
they bought new materials. They also had to 
buy roofing and foundation materials. Of the 
$437 total cost, these three items took the largest 
share. 

The heat-storage system has undergone several 



transformations. Early in their venture they 
mounted a solar collector to help put extra heat 
into the water tank. They found the gains 
weren't worth the costs, and they removed it. 
Over the first winter they learned that the water 
temperatures in the tank were too cold for bass or 
tilapia, the fish they wanted to work with. The 
Mackies decided not to fight relatively low water 
temperatures (which they would always have 
since little direct radiation strikes the water), 
and removed the fish. In the middle of the 
f second winter, a time of extreme drought in the 
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Photo 8-12: Interior. 



Northwest, they saw the tank as a way of saving 
some of their greywater, a system with multiple 
advantages for the greenhouse and. garden. 



Orientation: Due south. Theyj would change 
this. There is less light available in the green- 
house during spring than during fall because 
spring mornings are consistently very cloudy and 
afternoons tend to be clear. They start plants for 
the garden then, so they feel the greenhouse 
would work better if the greenhouse faced 
slightly west of south/ 

January Climate Outside: The reference winter 
(1976-77«) was a little colder and much drier 
than usual in McMinnville. The average daily 
high was 48° and the average low was 27°. The 
coldest'it got was 13°F. Normally the winter is 
very wet,, with only about three clear days to 
collect solar energy all month. Twenty-three 
days are normally overcast. In January ( 1 976- 
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77) only 17 days were completely overcast and 
nine were very sunny. Compared to other areas 
is still not very much avail- 
However, the relatively P 
moderate temperatures do permit successful 
greenhouse growing. "' 



of the country, that 
able . solar energy. 



Climate Inside: For - the first year the green - 
hquse was single-glazed. The second layer was 
not added until February.^ Still, the temperature 
at night rarely dropped below 50°F. Normally 
in the day, the temperature would climb into the 
■ 60s or 70s arid occasionally even the, 80s. 
••► During prolonged cloudy weathej:,_which is 
fairly common, the temperature remained in the- 
50s day and night. The lack of sun seemed to\ 
have noticeable ill effects on the plants. - To 
alleviate this they later painted the interior white 
and gained reflected light. 

With two layers of glazing, the greenhouse 
never goes below 50° at night. Usually it stays 
around 55 °F. The temperature- is ideal for 
raising plants. Insufficient light is the biggest 
problem for winter gardening. 

Configuration: The greenhouse is 11 feet wide- 
and 1 5 feet long with glazing on only the south 
side. It is built into a shallow slope so that on 
the north side and' east end, the greenhouse is 
sunk about 3 feet. The glazed face is sloped .45°. 

Construction: The foundation is a block wall on 
concrete footings. Because of the wet climate, 
special attention was given to drainage. A vapor 
barrieT was placed against the bloc^ wall and 
. drainage tile was laid below the nQrth arid south_ 
foundation walls. As they back-filled, they^put 6 
inches of gravel beside the wall all the way up. 
In the center of the greenhouse .floor they dug a 
shallow trench for a pipe which drains out the 



west end. They then covered 'the "floor with 
polyethylene, laid the pipe in the ditch and 
covered all with a layer of gravel.' 

. The Mackies-bolted a 2 x_6 around the top of 
t'he block foundation. The crack between the 
block and this wooden plate is a fairly Jarge heat- 
loss area. They recommend applying some fiber- 
glass or caulk between the two during construc- 
tion. 

Standard framing {2 x 4s on 2-foot Centers) 
was used for the greeahouse, except for the clear 
south face. Since the fiberglass sheets were 5 feet < 
wide, the rafters on the front face are on 2%- 
foot centers. There is one 2-foot-by-2-foot vent 
high on each ei>d-iwall,.and there arc two more 
vents under the eave of- the north wall. All vents 
are screened for summer and all have hinged 
shutters on the outside of the greenhouse. Each 
vent has 3 inches of fiberglass insulation 
squeezed between the screen and exterior shutter. 
The vents are permanently closed during winters. 

One change v they may make is to replace the 
fiberglass insulation with a sheet of 1-inch Styro- 
foam cut to size and glued to the inside of the 
shutter. This would allow wintertime venting 
wljich is occasionally necessary, especially with 
the humidity caused by warm greywater. 

Insulation: The^opajoue walls and the north roof' 
of the greenhouse a*re all insulated with 3 /4-inch 
fiberglass batt. Originally, the foundation was 
not insulated. For the second winte^r, however, 
they dug down 2 feet along all walls and placed 
1 inch pf Scyrof oam against- the concrete block. 
•They don't use' any insulating* material against 
the glazed face of the greenhouse. 

Glazing: The greenhouse is double-glazed with 
30-mjl Kalwall. The layers are 3% inches apart, 
one on the outside of the rafters and the other 
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on the inside. The Kalwall was drilled before, 
nailing. A bead of caulk was laid on -the outside, 
edge of- each rafter before the Kalwall was 
installed. 

Heat Storage: The greenhouse contains' 1,640 
gallons of water. On a shelf several feet above . 
the water tank, 440 gallons in eight black drums 
receive direct radiation all day long from mid- 
September th rough * mid-March. The drums 
absorb much more of the energy that strikes them 
than does the much greater volume of water in 
the tank. 

The concrete blocks intercept the direct radi- 



ation but do not transfer much to the 1,200 
gallons of water inside. Consequently, the water 
-in the tank does not get afwarm as it could. The"^ 
water temperature stays around 50° in the Winter 
and rises to 60° in the summer. Fish can "winter 
over' 1 ' at that temperature,, but they won't grow. 
Nonetheless; 1,200 gallons of water at 50°F. 
contains considerable hgaffSvhich is important for 
keeping the greenhouse warm at night. 

Acjuaculture in the solar greenhouse is a 
popular concept, but none seem able to keep 
water warm enough for fish to gain weight. The . 
experimentation continues in other greenhouses, 
but the Mackies decided to turn their fish tank 
into a greywafer holding ta"nk in the middle of 
their second season.. With such a suitable tank 
just 20 feet from the home, conversion , was 
simple. . Water from all sinks, the' shower, and 
the washing machine go into the tank. Since 
most of this is hot; the system neatly captures 
otherwise wasted energy and warms the -green- 
house considerably more than the tank's solar- 
collection ability. A shower in the house can 
raise the temperature in the tank five Fahrenheit 
degrees". 

The tank is fed by a gravity drain. The 2 -inch . 
pipe, insulated with fiberglafs batt, tar paper, 
and polyethylene, lies in a 1-foot sloped trench 
from the basement" to the greenhouse. 

The tank is drained by siphoning. Since the 
original drain in the greenhouse floor empties 
out the west end; above the garden, the tank 
could be emptied onto the greenhouse floor and. 
the garden watered from the drain exit. Because 
greywater contains some .. fats, however, the . 
Mackies now use a .ldnger hose ft> siphon the 
wa,ter directly from the tank to the garden. They 
.have made shallow trenches near vegetable and 5 » 
berry rows to direct the water where it is best 
used. To water plants vphill nearer the home, 
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Photo 8-13: "Six Pack.'' New Alchemy Institute, Cape Cod, Massachusetts, 



they simply run the pump which is ordinarily 
turned on only a few seconds to start the siphon- 
ing. Mackie reports that so far plants watered 
this way look -fine. He anticipates problems that 
sodium (fipm lye) might accumulate, and so he 
is having the water checked as "agricultural irri- 
gation water" for a reasonable fee at the state 
extension service. 



Gardening: The first winter they raised lettuce, 
radishes, and a variety of herbs successfully. 
They also had fuchsias and geraniums blooming 
all winter. Tropical house plants prospered. 
The second winter they brought large, broccoli 



in from the cafden in containers. It continued 
^ to grow\m the solar greenhouse, providing one 
harvest aVeek. The^feenhouse is also a means 
for extending the summer tomato production 
season. Parley has'grown beautifully. 

Lettuce, w\ich they expected to yield food 
steadily, actually grows very slowly; in the middle 
of winter. Spinach has not grown well at all. 
. They plant new-efep s-in .the— greenhouse -in fall. 
These will begin to, produce two months later. 
Besides some greens^ for the table in winter, 
Marsha Mackie is successfully raising flowers for 
cutting. These she sells ''{o a restaurant in town. 
Starting great numbers of\plants for the outside 
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garden very early is one of the greenhouse's 
primary uses. The Mackies report that it 
serves this function best of all. 



New Alchemy Institute 

Falmouth (Cape Cod), Massachusetts 

41.5° North Latitude 

The New Alchemist's family-sized solar green- 
house has grown vegetables through two winters 
* as a completely passive system. It is one of the 



most intensively planted and productive free- 
standing solar greenhouses. The 'most notable 
feature is the very large volume of water for heat 
storage. T,he pool covers half the floor space and 
receives direct radiation on the surface most of 
the day. There Is no 'night curtain to hold in ' 
heat. 

Orientation:. Due south f 

January Climate Outside: At Falmouth, the 
average high temperature is 38° and the average 
low is 24° with the lowest expected extreme 
-7°F. But January (1976-77) was about 8° 
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colder than normal. There are usually one eight 
very clear days and 1 5 completely cloudy days. 

Climate Inside: The -January daily high tem- 
perature averaged in the 60s. But prior experi- 
ence has shown that orr- a wlirrri |jtfiny day in 
midwinter the greenhouse can readH|fl F. The 
greenhouse was in the high 30s moliprfghts and 
never got colder than the low 30sr During the 
day the soil temperature at four inches deep' was 
53° on sunny days. The water temperature in 
the pools stayed around 40°. 

Configuration: The greenhouse is 25 1 / 2 feet 
' long and 15% feet wide. The clear front wall 
slopes to within"! foot of ground level. The 
peak is 12 feet high and the opaque roof slopes 
stegply down to a 4-foot kneewall in back. The 
east and west walls are double-glazed back to the 
peak." The growing area is 150 square feet. 

Construction: The greenhouse was designed 
around an existing fish pool-15-feet-by-l 5 -feet 
and 4 feet deep. The walls and floor of the pool 
are 4-inch poured concrete. The foundation ex- 
tension that encloses the growing beds is concrete 
block about 2 feet deep. The double-glazed 
portion of the east and west walls consists of 
2 x 4 mullions. The rest of the sides as well as 
the roof and kneewall, use 2x4 studs and 
"rafters. 1 The ridge beam is a 2 x 10 supported in 
the center. The rafters on the glazed face are 
2 x 6s. The rafters are wide to allow for three 
secondary layers of glazing with about an inch 
and a half between each layer. 

Insulation: All opaque surfaces are insulated 
with 3% -inch fiberglass batts. The concrete- 
block and fish tank foundations are insulated to 
their bases with 2 inches of , foam on the outside. 



Glazing: The end walls are glazed with Kalwall 
inside and out, spaced about 3% inches apart. 
The front face is glazed with .04 Kalwall on 
2-foot, 8-inch centers. The Kalwall is arched 
(45° grooves ate cut in the rafters to receive the 
ends of the fiberglass), like a convex "barrel 
vault," to make the surface- stronger, reduce 
flexing, and shed snow and rain. 

The New Alchemists report that the system 
sheds the-water onto the wood in between, ' in- 
creasing the rafeN^f deterioration. On their 
larger greenhouse thqNreversed the arc, making 

TFcoT^^Tsb moisture woufrddrain on the~ plasttcT" 
Either technique requires morNglazing to cover 

* the surface and thus slightly increa^sthe heat- 
losing surface area. , It is also more complicated 
construction, though income situations, the extra 
strength may be an important advantage. On 
the Prince Edward 'Island Ark, the New 
Alchemists have applied the fiberglass on the 
glazed south face flat. 

Behind the Kalwall are three layers of a 
Tedlar-like film. It is thin and very clear so it' 
transmits much more radiation than three layers 
of polyethylene would" ^The three dead-air 
spaces that are created are very -important for 
holding heat in at night since no night-curtain, 
system is used. ^. 

Heat Storage: The tank holds 6,750 gallons of 
water. Two-hundred-and-twenty-five square feet 
of surface receive direct radiation all day long. 
The watet is dark, nearly black with algae. The 
water temperature stays very close to 40 °F. in the. 
dead of winter with little change between day 
and night. That is a low temperature, but a pne- 
degree change in this pool involves 13 times, 
more heat energy than a one-degree change in 
storage in the Flagstaff greenhouse and 10 times 
more than the CET greenhouse in Pittsfield. On 
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Photo 8-14: •Glazing. "Six Pack." 




Photo 8-15: Growing tired. "Six Pack. 



the other hand, the large mass has a small surface 
area so it is relatively difficult' to get. heat 'in and' 
out of it. Water at the surface contributes more 
than water at the bottom. 

The soil receives direct radiation where leaves 
don't shade the ground, and this also has con- 
siderable heat-storage capacity. 

Gardening: This is a very cool running green- 
house, though temperatures are quite stable.' It 
is full of plants. Flats of seedlings for trans- 
planting line the rear wall. -A" flagstone path cuts 
jnally from the doorway to an observation 
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Photo 8-16: Cape -Cod. 




Photo 8-17: Inferior. C.iju Code, Ark. 



pit (2 feet deep) near the pool. All the rest is 
space for food production which can be gardened 
■from the pit or the pathway. 

The New Alchemists grow cabbage, beets for 
greens, onions and garlic for tops in salads, 
chard, kale, turnips for greens, Chinese cabbage, 
parsley, endive, and lots of lettuce. So far Ruby 
and Bibb lettuces seem to perform best in the 
lo*w light of midwinter. In January the green-' 
house provides salad greens several times a 
week. 

The experience gained with this greenhouse 
helped the New Alchemists plan and build two 
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Figure 8-14: Flo\r.plan. 



uch large7structure\s they call "Arks.'' One is a 
fr^standing house 100 yards away. The other , 
is- integrated ' wi'ttli a "uruiitff amily dwelling on 
Prince E^w^rd Island. y\bout a third of the floor 
space of the Cupe Cod ^.rk is reserved for water 
storage rather than growing plants, compared to 
a little more than half in the family-sized unit. 
The larger greenhouse- aiso uses a fan to help 
store heat in a large rock' bin. Plants grow on 
top of the bin. ^ 

The greenhouse' is approximately 90 feet long 
and 30 feet wide. The ndrth side is heavily 
bermed right up to the eaves of the opaque roof. 
The walls below ground level are 8-inch concrete" 
-insulated with 2 inches of foa\n. Aboveground 
the opaque surfaces have 6 inches, of fiberglass- 
insulation.' The expansive south face has two 
layers of Kalwall spaced 1 inch ^par-t. 

The soil temperature in this greenhouse was 
almost exactly the same as in thfe smaller one. 
In early January it had been flooded with frigid 
water, which took a lot of the stored heat out of 
the ground; and- thus, perhaps the 53°F.\ 

recorded. -at -the end of January is t°"Wef ""f nan " 

normal as a result. r \ 

The air temperatures are always\ a little 



warmer. Nighttime temperatures average in the- 
low 40s. Occasionally,' it can dip into the high 
30s. The daily high temperature is usually in 
■the middle 70s evert when it is in the 20s outside. 

The structure itself stores heatin the concrete 
walls that are exposedjo- sunlight and in exposed 
soil. There is also a small concrete pool which 
holds about 3,000 gallons of water which stays 
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around 50° F. in winter. More water is held in 
large transparent fiberglass drums in the west 
end of the structure. Each is 5 feet high and 
5 feet in diameter; five are on the ground and 
four are above them on a ledge. Altogether they 

• hold about 6,600 gallons. The water is dark 
with algae and receives direct radiation all day 

'on the tops- and sides. Water temperature in 
these averages between 45° and 50° in the 
winter months with between two to five Fahren- 
heit degree changes between night and day. In 
summer the water can reach the mid-7 0s. 

' Partly because it is so large, the greenhouse is 
very high. . Accordingly, there can be great 
„ temperature differences between the peak and the 
growing beds. . To help create better growing 
conditions near the ground, the New Alchemists 
move the air with a fan. It is convenient to 
extract heat from the air at the same time. The 
air which collects in a channel built into the ridge 

' is drawn down and through a concrete bin which 
has a volume near 1,600. cubic feet. It is filled 
with fist-sized stones. The fan runs from 9:00 
a.m. to 3:00 p.m. collecting heat. Typically the 
air temperatureXdrops 10° going through the 
system. The heati is given back to the green- 
house between 3:1)0 a.m. and 6:00 a.m. Not 
only does the system help make fuller use of the 
heat which the greenhouse gathers, but it algo 
improves photosynthesis by increasing carbon 
dioxide transfer between air and leaf. It may 
inhibit fungus attack. 

The large mass and the forced air moderate 

.temperature extremes in this greenhouse, and the 
air is relatively warm at all times. Since the 
growing conBifions are superior to those in many 
solar greenhouses, production is higher and a 
greater range of plants is possible. '' Chard, 
parsley, kale, lettuce, and New Zealand spinach 
do especially well in this greenhouse. Nastur- 



tiums, marigolds, geraniums, and impatiens were 
blooming profusely in the middje of winter. 

The Ark is a fine model for a community- or 
commercial-sized solar greenhouse. This one 
was expensive to build, around $2 5,000, but the 
production potential is high. The advantage is 
that the great volume of air helps prevent over- 
heating; the ground in the center of such a large 
building will remain more evenly warm than in a 
smaller building, and proportionately less land is 
taken up by walkways and work spaces. One sus- 
pects that the costs could be cut slightly. Ex- 
penses could be reduced by using a cheaper inner 
glazing in conjunction with 'curtains to retain 
heat at night. This would permit. less insulation. 
Combining the greenhouse with a large building, 
as the New Alchemists have done on Prince 
•Edward Island would also help. A farmer, for 
example, might consider growing winter crops 
along the south side of his dairy barn. 



New Organic Gardening 
Experimental Farm 

Maxatawny, Pennsylvania 

40° North Latitude 

The Maxatawny greenhouse, which is David 
MacKinnon's first solar greenhouse design, has 
operated over two winters; the second was the 
most severe ever recorded on the ~East Coast. 
The experience has shown that this greenhouse 
, can maintain minimum, temperatures near 40 °F. 
throughout the winter as a passive system. 
Growth of greens crops continued through Jan- 
uary, though slowly, and harvest began in early 

February. ■_ . _ 

a. Despite outward differences, most Critical 
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Photo 8-18: Maxatawny, Pennsylvania, greenhouse. 



design features of this first greenhouse are iden- 
tical to its sister greenhouse in Flagstaff. The 
only major change that would be made is t© slope 
the north-facing roof more steeply for more 
light reflected to the plants, less volume to heat, 
and slightly lower costs for materials. 

.Orientation: Slightly east of due south 

January Climate Outside: The average daily 
high temperature was 26° and the low tempera- 
ture averaged 1 1 °.'TJie coldest it got was — i°F. 
Eleven days were very clear and 1 3 were cloudy. 

Climate Inside: On sunny days the temperature 



inside the greenhouse would usually reach the 
mid-5 Os. Cloudy day temperatures were very 
regular, with the high around 47°. In January 
the greenhouse had a little less than half, of the' 
total primary mass (containers bf water) in. 
place. T® keep the environment stable an elec- 
tric heater was installed to maintain minimum air' 
temperatures of 40°. Still solar energy provided 
80 percent of the total heat required for the 
month to maintain 39 °F. inside. In early Feb- 
ruary the rest of the storage went in and supple- 
mentary heat was 'unnecessary. 

Configuration: The greenhouse is 16 feet by 16 
feet. The peak is ffBout 9Vi> feet high and it 
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Photo 8-19: Venting detail. * • 

slopes down only about 1 foot to, the 8% -foot 
opaque north wall. The glazed kneewall in front 
is 4 feet high; the panels are hinged at the top 
, so they can be opened for venting in the summer. 
The rest of the south face rises from the top of 
the kneewall fo the peak at a 45° angle. "There 
are 180 square feet of glazing to 210 square! feet 
of floor. The plants are raised on benches some 3 
feet off the ground; actual growing space is 91 
square feet. , «. 

The front face of this greenhouse is quite un- 
like MacKinnon's second greenhouse. The Maxa- 
tawny design, he feels, is a sound one because the 
vertical kneewall combined with the 45° angle 



represent a good compromise of angles for light 
collection over a long season. The shape allows 
.plenty of room to work in the front. Without 
the kneewall, the bench-growing system would 
not be very economical of space.- 

Construction: The greer^xiuse rests on a concrete- 
block foundation. TheJ[£oundation, the insula-' 
tion, and the glazing |p*e jfh&.major costs in this 
greenhouse. TheCwaTiJ^ftcl opaque roof are 
made of 8-inch lumbdrLa^3$heathed inside and 
out .with plywood. TffcTumber is treated with 
Cuprinol, sealed and painted white. There is a 
post in the center to support the ridge piece. 



150 



THE SOLAR GREENHOUSE BOOK 



The south kneewall is made of 4 x 4s,. one at 
each end, at the center and across the "top. This 
wall supports all the rafters from the ridge to the 
kneewall as well as the two hinged, grazed 
kneewall panels. 

The rafters for the sloped south wall (on 
4-foot centers) and the frame of the movable 
sections and 2 x 4s. Only the exterior glazing is 
permanent. To support the replaceable interior 
glazing and to brace the rafters, length of 1 x 4 
are used to divide the space between rafters into 
2-foot-by-4-foot sections; wooden frames holding 
the polyethylene interior glazing pop in or out-pf 
the sections. 

There are vents near the peak on both the east 
and west walls. 

■ The total cost for materials was about $1,500. 

his/ilalioii: The-foundation is insulated from the 
ground with 2-inch polyurethanc foam slabs. 
These cover the sides 2 feet deep and the entire 
'floor. Earth was then filled back in to the top 
of the foundation. We learned that the insula- 
tion would have been better used if it Jiad been 
made thicker around the foundation -walls and 
extended deeper into the ground, rather than put 
under the floor. 

The reason is that more heat is lost through 
the sides titan down to the deeper levels of 
ground. Temperature probes showed that the 
insulated earth 12 inches deep was 10 Fahrenheit 
degrees 'cooler than constant earth temperatures 
a djstance-below frost line. So the bottom of the 
greenhouse probably didn't benefit much from 
insulation. 

The walls and roof are filled with 7 ] >. inches 
of loose cellulose fiber insulation, creating an 
R-22. , 

Glazing: Kalwall is attached to the rafters 




Photo 8-20: firs! curtain. 



horizontally. The strip nearest the ground was 
put on first so that higher strips overlap lower 
ones like shingles on a roof. This technique 
would not be used again because it is difficult to 
batten seams between rafters. Installing the 
glazing strips vertically makes for better caulking 
and battened seams. 

The original plan for the inferior glazing was 
that two polyethylene panels could fit behind the 
Kalwall between, rafters. This would allow the 
amount of multiple glazing to be suited to the 
weather. Wooden' frames vfere wrapped with 
polyethylene, so each one contained one dead-air 
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Photo 8-21: Curtain hi place. 




Photo 8-22: Fiberglass batt. 



space by itself. Putting one set in made two 
dead-air spaces, and the second set made four 
dead-air spaces. 

The reduction in light transmission by all the 
polyethylene was not worth the relatively small 
improvement in insulating value. For the second 
season, the panels were changed so just one layer 
of plastic was in place all the time. This gave 
81 -percent light transmission, and the one dead- 
air space field heat in well for the daytime when 
there was no shortage of energy. At night, a 
movable curtain did the work, of the dead-air 
spaces. The curtain is easy to operate and can be 
made to have a much higher R-value than 
multiple air layers. 

The first curtain was a sheet of thin fabric 
covered with an aluminized paint. It was hung 
along the ridge of the greenhouse and was rolled 
down at night on 2 x 2s put in parallel to the 
rafters just to hold the curtain. Another one 
was wrapped on a stick and unfurled, across the 
kneewall. Both of these were fastened to the 
glazed walls with clothing-iype snaps. That cur- 
' tain had about an R-5.2 compared to R-3.6 for 
the double-glazed wall alone. In addition the 
curtain kept the warmer air inside from passing 
over the cool glazing, and it stopped infrared 
radiation. The aluminized paint, however, began 
to flake off towards the end of the winter. 
' Considering that such a large part of the lost 
heat, about a half of the total losses, was going 
out the glazed surface meant that it was also a 
prime area for improvement. Late in the winter, 
Diane Matthews and Bob Flower began work on 
a better curtain for^the Max&tawny greenhouse. 
The new one was made from Duct Wrap,- a 
fiberglass batt 1 % inches thick and covered with 
aluminum foil on one side. The foil is rein- 
forced with fiber mesh, so it can take repeated 
bending. The batt is wrapped in polyethylene, 
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Photo 8-23: Ball covered with polye/h)ie)ie. 






Photo 8-25: Pop rivets. 



which protects it, keeps 'loose, fibers in, and 
adds (wo thin dead-air .spaces. The polyethylene 
is fastened to the batt by pop rivets and the 
snaps. TJiesc pierce the halts, the plastic, and 
2-inch-wlde canvas strips at the sides. The 
canvas ifrevents the fasteners from stretching' 
the plasfic and pulling out. This 'curtain snaps 
to the wfalls and several points along the wooden 
rafters | ike the first curtain, but it isn't on a 
roller. |During the day, sections swing back and 
fasten' fo the opaque roof. The ne>v curtain has 



an 



R-Value around 10.5. 



Heat ^ lavage 



Photo 8-24: Applying canvas strips. 



Against the north wall 372 gal- 
lons (/f water, dyed black and in plastic jugs, are 
stacked on their sides. They are attached just 
as in/ MacKinnon's Flagstaff greenhouse, except 
that (Halfway up there is a wooden shelf to take 
weight off the bottom bottles. The bottles near 
the east and west walls^receive direct radiation 
for most of the day. Bottom-level bottles receive 
about as much direct radiation as top bottles. 
The mass is in fairly small, separate containers, 
but these are in tight contact with .each other. 
As a result, energy is distributed evenly. Mea- 
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Protection / 



Figure 8-16: Detail: canvas belt installation . thermal curiam. 



surements 'show very little of the (temperature 
layering in this mass which there is iij large tanks 
or barrels. This mass exchanges i,100 Btu's for 
one Fahrenheit degree temperature change. 

There is a lot of space under benches in any 
greenhouse which can be f/lled with water, 
though much of it won't recejVe direct radiation; 
In early February 1977, the bench parallel to the 
south wall was rebuilt to liold 504 gallons of 
water. Between the ; wo6den bench frames, 
^-inch wire mesh was used to make two shelves 
which would support' three tiers of the*' bottles. 
Here they are stacked on their ends instead of 
sides for easier construction. The top of the 
bench is also made of wire mesh so that light 
which passed the leaves and pots would strike the 
mass. The front rank of bottles receives direct 
radiation all day. The bench, then, has a heat 
capacity of 4,200 Btu's for each one-degree tem- ; 



peraturc change. .With the increased mass the 
greenhouse has maintained 44° at plant level in 
the face of — 3°F. outside, op solar energy alone. 

Flower and Matthews later found that the 
space left between levels of bottles for con- 
venience somehow helped to increase the amount 
of heat stored. Originally the plan was to get as 
much \\ p ater as possible into the available space. 
Heat would - be distributed, as was happening 
successfully along the back wall, by direct con- 
tact between bottles. Since there was no contact 
between levels, however, the flow would be 
horizontal instead of vertical. The mass under 
the bench was .also much thicker, seven bottles 
wide. 

Lea Poisson suggested that heat transfer could 
be improved if the bottles were separated a little. 
Flower and Matthews removed a few bottles 
from half the bench and left the west half alone. 



THE SOLAR GREENHOUSE BOOK 

surprisingly close. The black bottle was often 
but not always a degree or so warmer by the end 
of the day. If radiation can penetrate beyond the 
hrsr rank of bottles through clear water, heat 
energy may be transferred better.' The idea' will 
be tested further next winter. Paints and dyes 
are messy to work with.^They may not -be 
necessary for thick water masses in translucent 
containers like under the bench at Maxatawny. 

The insulated earth in the floor has consider- 
able heat-storage A capacity. Temperature probes 
have shown that at least the top 12 inches of 
ground, even though it is shaded by benches, can 
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Temperature measurements over several weeks 
showed that the 1 spaced bottles were able to 
absorb more energy than the. others even though 
the total volume of water was slightly reduced. 
This was a surprise, and we are still not sure how 
much of the increase is due to the flow of warm 
air and how much to reradiatipn of energy, 
among the bottles and the rest of the greenhouse 
interior. , 

Diane Matthews also compared a bottle of' : 
clear, water to one„ with black water for a week 
and a half. The results are inconclusive, butUfee 
temperatures of water in the two bottles ^jvere 
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exchange "some energy daily. On a sunny Janu/ry 
day, the change was usually 6°, from 37.5° to 
43.5° andback to 37.5°F. by dawn. >That means 
the greenhouse has~210 cubic feet of -soil with a 
capacity near 4,000, Btu's fox^each one Fahren- 
heit degree change. Naturally, the top few 
inches of that foot of soil gain and release more 
heaff 1;han the botton few inches. But over several 
--da'y^l the entire 480 insulated cubic feet of earth 
canVgive energy back to the greenhouse. The 
.planting pots hold analier 25 cubic feet of earth 
which, \yarms and cools almost^asjuickly as the 
air. '■''"■«■ 

A The benches^shade^ almost all of the floor in 
this greenhouse, so the potentially effective ther- 
mal mass 1 in soil is ijnuch less important here ttoan 
it- might be. The Advantages of the bench sys- 
tem .for usifrg.. energy, in the greenhouse is that it 
allows greater volume of water for storage per 
squareifoof of 'floor and it elevates the plants to 
a -warmer air layer^in the greenhouse. • 

I^,a solar greenhouse with no fans and no 
venbijig, there is little mixing of air. At the 
hottest-part of the day when air currents are 
•strongest, there is still generally a 20° differ- 
ence .between the -floor and the 6-foot level. 
Between '6 feet and the peak, the separation is 
greater. On very cold nights, dishes of water 
resting on the ground; [which waj, 37° 12 inches 
deep, woqld freeze while the air up among the 
, leaves" was 40 °F. ] 

''f Gavdetiing: For its^ second season the green- 
house was planted yvitlji a variety of crops to see 
what would do well and what wouldn't. Pe^n 
State horticulturist John White helped determine 
the range of plants to try and picked but the 
-particular cultivars of each that he felt would do 
well in the space and season in the Maxatawny 



greenhouse. Almost all were vegetables that 
thrive in, cool weather. Though we felt that 
"tomatoes and peppers should be planted in sum- 
mer for fall and early-winter greenhoui? har- 
vests, a few were planted as seedlings in early 
December. They withered and died one by one 
under the low light and cool temperatures. ~ 

The greenhouse provided a very cool environ- 
ment. In the middle of winter, air temperature 
ranges at the level of the leaves usually would 
reach between 55° and 60° any clear day. ^ At 
night it was around 40°. The soil in the pots 
f ollowed the air temperature very closely because 
the soil was quite r moist and the volume was 
small and surrounded by air. In the day the soil 
would usually come within 4° of the high air 
temperature. At night it would be about 8° or 
9° cooler' partly because it/ was in an air level 
about a foot lower. This meantr though, .-thaLorL 
occasion the ro#t zone, would actually drop 
below 32 °F. 

Still most cjf the leafy crops grew steadily. 
The cole crops did best. They increased fairly 
rapidlyj in size through December and January 
"and looked healthy. Broccoli, .cauliflower, and 
kohlrabi began to be harvested in mid-February. 
Kale was seeded in a flat in early January, 
germinated well, and thinnings were ready by 
the end of February. Leafy cole ^vegetables like 
kale arid collards are probably the 5 best choice for 
the greenhouse since' ones like broccoli pro- 
duce an. abundance of inedible green matter 
before thtey bud. j, , 

Lettuce #.nd endive started in [early December 
*also girew yery nicely. Outer lekves were" ready 
for harvest by end of January, though we waited 
until the middle of! February. The entire heads 
were cut a month latdr! An earl)} January lettuce 
seeding also germinated and gre^ very well. 
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Photo 8-27: Growing containers. 



SpinacJT^smvn ' in early January grew slowly. 
This. .w:»s ajiother surprise. Since spinach is a 
wry frost-tolerant plant, we expected it to be 
one of the best in the greenhouse. In late Feb- 
ruary, it began to grow strong, and though the 
plants never got stocky, the thinnings and small 
leaves \Yere plentiful for salads. , 

Beets and Swiss chard germinafed poorly^n a 
midwinter planting. The plants grew 'slowly 
and spindly; by May, they' were big eyough to 
permit harvest of a few "leaves. The bottoms 
were the size of big marbles. » 



■ Most of these vegetables would have been 
more productive, we are sure, if planted in late 
summer and early fall to fill the greenhouse 
with green food before the days became very 
short and cold. On the other hand, the first 
season of closely observed winter gardening at 
Maxatawny has shown us some of the crops that 
are able to continuc^growing at the most difficult 
time of year. In the next season, we will try 
what now looks to us like a sound planting 
schedule for maximum food production in fall, 
winter, and spring. 



Pragtree Farm 

Seattle, Washington 

48° North Latitude 

Howard Reichmuth and Jeffrey Barnes of Bear 
Creek Thunder designed a greenhouse with a 
parabolic north wall for the Ecotope Group's 
Pragtree Farm. The purpose of the greenhouse 
is to greatly extend the season for raising food 
and warm-water fish. Since the light levels are 
too low for vigorous vegetable growth and the 
fish need very warm water, the objective in the 
middle of the winter is just to keep things alive 
until warmer weather. The greenhouse was com- 
plete enough to plant in tbKfall of 1976. 

Orientation: Due south 

January Climate Outside: TJie. average high 
temperature each day was 45° and the low was 
35°F. for January 1977, and that is about normal 
for Seattle. : Twenty-two days were fully overcast 
and only four were completely clear. 



THE FRF.KS'I ANDINCi C'.R H H N HOUSK 



157 




Photo 8-28 r Parabolic greenhouse. Pra$tn\ l : ar>n.St 

ClniiMe Inside; In January, the greenhouse 
maintains temperatures in the high 30s most 
nights. On the occasional sunny day the air can 
reach the 80s. During cloudy days the expected 
high is 60 I ; I 

Configuration: The floor area is 52 feet long and i 
4 2 feet deep. The rear 6 feet are devoted to the 
fish tank. A raised wooden caftwalk runs the 
length of the grqenhouse over tlje fish tank, so 
all of the remaining 6 feet is available for 
gardening. The peak is 12 feet high. The 
opaque rear wall is a section of a parabola which 
was calculated to deliver the most solar energy 



alfle. W'ashingtoji . 



directly into the water during the winter months. 

All the light that hits the reflector ends up in 
the pool. This allows the pool, which is located 
in a relatively out-of-the-way spot in the green- 
house, to get a large share of the only occasional 
direct radiation in winter. For most of the ye'ar, 
the sun is high enough in the sky so that no 
light hits the reflector, but instead sh/ines directly 
onto the water. The reason for such precision 
is to keep the water warm enough for the 
tropical fish to survive the winter. 

Jeffrey Barnes reports that the curve is^so care- 
fully tailored' for a given latitude that the wall 
is not an easy , thing to design. Building it is 
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Photo 8-29: Detail: -parabolic curve. 




Figure 8-17: Section—east wall. 

I 
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comparatively simple. But, he says that the effect 
of the curve can be successfully approximated 
by a series of three or four straight lines. 

Construction: Techniques for erecting a para- 
bolic north wall are beyond the scope of this 
book, especially considering that the primary 
function of the parabola here is to create: an 
environment for aquaculture. Instead here is 
a breakdown of f their expenses. 



Glass 


salvaged 


Reflector 


salvaged 


Lumber and 




brackets 


$924.65 


Insulation 


909.79 


Wood preservatives 




and caulking 


217.96 


Hardware 


65.22 


Equipment rental 


60.51 


Concrete materials 


37.03 


Building permit 


14.00 


Total 


$2,229.16 



or $5.80. 
per square 
foot 

Insulation: TheSBpaque walls, on all of the 
north and parts W the east* and west," have 3 
inches of polystyrene on the outside. The con- 
crete foundation also has 3 inches of foam. But 
the "fish tank has 4 inches on all four sides and 
underneath it. 

Glazing: The greenhouse is single-glazed with 
salvaged greenhouse glass. They plan to build a 
folding shutter which will cover the lower half 
of the glazed surface at night, acting as a frost 
shield for the plants. To shutter the entire face, 
they feel, it no,t worth the trouble and expense, 
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with their. climate and goal of 9 or 10 months of 
active food production. 

Double-glazing is reportedly the last addition 
they would make to the greenhouse. In a low- 
ligh't region, they feel that maximum trans- 
mission is important. The glass by itself seems to 
be surprisingly airtight. They installed the glass 
tightly and minute dracks are filled by the water 
which condenses on ! the glass. 

Heat Storage: Thef5,760-gallon water tank in 
this greenhouse, though it is an extremely large _ 
mass and collects heat very well for a ground/ 
level pool, is not designed to give the heat back 
to the greenhouse very rapidly. Iuis so heavily 
insulated on all sides that only the surface can 
exchange heat over a night. The primary aim is 
to keep the water itself very warm in the middle , 
of winter, rather than to heat the soil and air 
for plant growth. As it stands, the -gYeenhouse 
has prevented frost through one winter even 
without the shutters.' , Cool-season crops will 
winter-over nicely. 

The system has not trapped and held enough 
heat to keep the fish, which they plan to raise, 
healthy. They expect to supplement solar heat 
during 3 '/•; months of winter with an attached 
sauna that will be built. 



did extremely well and was harvestable by the 
end of February. 

Heat-lovine vegetables, melons, cucumbers, 
tomatoes, and. the'dike, are barely productive 
around Seattle. Melons usually won't mature 
without great pains to shelter them from early 
and late frost. Eggplants, tomatoes, and peppers 
arc usually killecPjust-as they hit full stride. The 
first-season, tomatoes were put into the ,green- 
house in August, a late start, but the plants con- 
tinued ripening fruit until December" with the 
grace of an exjremely sunny autumn. Normally, 
cucumbers will be set into the greenhouse at the 
end of April, melons will be started some time 
towards the end of May, and tomatoes, egg- 
plants, -and peppers will be planted, in June just 
„is soon as the large crops of spring greens arc- 
harvested. 

The greens crop came in quite .quickly, and 
there was more than the people at Pragtree Farm 
needed. Southern California, the usual source of 
produce for Washington in winter was s in the 
middle of a sevdre. drought. Salad vegetables 
were' scarce and high priced so there was a ready 
demand for all the greenhouse produced irr loCal 



Gardening: The greenhouse will allow two dis- 
tinct >crops. Cold-hardy; vegetabljes, primarily 
greems, will be /Established in fall for harvest 
beginning at th<| end of winter. The first season 
.. they planted two-dozen heads of Bibb lettuce in 
each of six beds at five-day intervals. Picking 
began in late March . and lasted a month. 
Spinach was ^planted in the beds just as soon as 
the lettuce came out; it was all picked by the end 
of June. In 'other beds, fall-planted bok choy 



Ed McDougall 

Bellport ( Long Island ) , New York 

• 41° North Latitude 

Ed McDougall decided to build a solar green- 
house two yeats ago around the same time that he 
greatly exparded his garden. The greenhouse 
was to provice plenty of- large transplants ; fpr a 
jump on the summer as well as some greens in 



1*60 



THE SOLAR GREENHOUSE BOOK 




Photo 8-3 0: freestanding greenhouse. Long Island. NeirYork. 

t 



the fall and winter. He could not attach it to his 
home because the driveway and garage were in 
the way. $o using what he knew about hejit 
cofiservatiotv he devised his own, freestandirfg 
greenhouse, ijhough it is not as heavily insulated 
as most completely passive systems, and so relies 
on auxiliary heat in winter, it does work well. It 
cost only SI 60 to build. To keep the air tem- 
perature inside in the high 30s with a small 
electric heater costs about $25 a season. 
McDougall also maintains low'- 40s soil tempera- 
ture with a heating cable imbedded 9 inches 
below the planting beds; it cost about $3 per 



month to operate last winter. 
Orientation: Slightly east of due south 



January Climate Outside: The reference winter 
was very cold* .9 ^{i degrees colder than ujjual. 
The average daily -high i'as 28° and the average 
daily Jlow\ was 16°. The lowest was — 1°F. 
There 1 were 10 cloudy days. Eleven days were 

clear, several more than in a normal year. 

i ' 

I \ 

Climate Inside: The electric heater and the soil 
cable kept thq air in the high 30s and the earth" 
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in the. low- to mid-40s at night. The high tem- 
perature] averaged in the upper 80s, as measured 
during :he last two weeks in January 1977. 

Configuration: The greenhouse rests on concrete 
blocks sunk almost to ground level, father than 
on a conventional foundation. The* insulation 



exterior is covered with Homosote composition 
board. 

Insulation: All the opaque walls are insulated 
with 2 inches of polystyrene foam board, .about 
R-10. With the Homosote, the R-value is around 
12. One inch of polystyrene extends 1 foot into 
the ground around, the perimeter. ' 

Glazing: The exterior glazing is Kalwall^ 
attached parallel to the rafters with a piece of 
battening' board over seams. On the inside, 
McDcjugall fastened polyethylene to the bottom 
of the rafters, creating a dead-air space of about 
2 inches. He found this wasn't quite enough 
during the first winter. So. he attached 1-inch 
lumber to the bottom of the Rafters and put up 
another layer of polyethylene. He has, no in- 
sulating uutciial fui nightLiinc: y~ 



extendTTroot in to The grrnrrnl-on the inside of 
the block. ; :; 

Because McDougall was insulating with 2- 
inch foam panels, he could use 2 x 3 studs. The 
glazed south wall is made of 2 x,.2 studs. The 



Heal Storage: Directly behind the "glazed knee- 
wall he has five 5 5-gallon drums. In the rear 
northeastern corner he has a 40-gallon reservoir 
for preheating domestic hot. water fehat also 
doubles as heat storage. The total is 310 gallons. 
He plants directly in the floor so spaces between 
plants get direct radiation. ,- 1 

The holding tank receives direct radiatibn 
most of the, day. The drums at the kneewall are 
sunken into the ground one-third .of their height; 
two-thirds receive direct radiation all day. The 
drums are painted black in front and white 
behind. The drums are Sunken to accommodate 
the black plastic pipe of ;ihe hot-water preheating 
sy^teffin—Tfie earth holds it in place. The pipe 
comes from the well, wraps around each barrel 
as many times as possible, then" leads into the 
holding tink and back to the hot-water heater in 
the home. , The system does not operate in 
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Figure 8-1 8 :^ Hot welter preheating system. 
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winter, so the water in if is part of the heat 
storage. I 1 * ' 



Gardening): In the ,f all and winter, McDougall 
grows' lettuce, Swiss 1 chard, turnips for greens, 
Isome green onions, and ^ spinach. He plants 
directly in the soil and "puts a few flats on top 
of tjhe barrels in front. He also starts plants for 
the garden quite early. Cauliflower and head 
lettuce were seeded innate January, By the time 



they, were set into tl" 



garden 1 |n late April,, the 



cauliflower plants were eight inches tall and 
stocky. The lettuce plants were around six inches 
in diameter. McDougall also gets ah early start 
for £0 tomato plants and great numbers of 
marigolds. - 

The greenhouse would probably work evqn 
better ,than it does for wintertime food produc- 
tion ifi it were insulated more heavily. As it is,, 
the nighttime temperatures are fairly cool' for a 
system with^vsoil-heating cal|fe. Daytime tem- 
peratures arej$.-lit|le too high, ppgether it makes 
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Photo 8-32: Center joy Eco! 



for a wide daily temperature change. 

The soil would be warmer if the insulation 
extended at least another foot into the ground. 
Two indie's would give better performance than 
one. Warmer soil temperatures would improve 
growth significantly. Most freestanding solar 
greenhouses in similar climates have walls with 
higher R-values and cost less to heat. Of course, 
such a wall costs more to build. A curtain over 
the glazing, though, might improve two things 
at little extra cost. o First,'much less heat would be 
needed at night to keep the greenhouse in the 
high 30s. Second, the third layer of glazing 
could then ha removed. The result would be 



-cbno/o^y. Pia.s field.. M.: ■ ■.;:f/,:- 



more light to the plants and greater daytime heat 
losses through the glazing. Greater daytime 
losses would jnot be critical since 80° is a little 
too warm for cool-weather crops. 

McDougalJ, however, counts on the over- 
heating to preheat domestic hot water from April 
^•through Septpmber. By the end of May, all the 
plants are oijt and he closes up the greenhouse 
to superheat.! At the beginning and end of the 
predicating sckson, the system puts 60° water into 
the hot-wateij heater instead of 55°. At the peak, 
it preheats the 'well water to 1 5 ° F." Over six 
months, McEpougall estimates that he can save as 
much as $1 50. 
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Center for Ecological Technology 

Pittsfield, Massachusetts 

42.'i° North Latitude 

The Center for Ecological Technology is the 
work of Ned Nisson and Mark Charde. They 
decided to build a solar greenhouse after reading 
about Dave MacKinnon's work and a visit to 
Maxatawny for a close lpok. Between them, f 
they had the designing and engineering ability to 
put dp a fine structure in a very short'time. They 
improved on the shape of the Maxatawny green- 
. house 'by sloping the rear roof down to a knee- 
wall making a good reflector and requiring less 
materials. Their approaches to reducing heaj: 
losses are especially noteworthy. A lot of their 
resources were spent on insulation. In design 
and construction, crack areas were minimized 
and sealed well. The result is a greenhquse that 4 
maintains a good cool-crop environment with 
two layers of glazing but no nighttime curtain or 
shutter system. -w 

Orientation: Due south ■-• • -— - 

January Climate Outside: Past weather records 
suggest that Pittsfield should expect; only eig-ht- 
clear days this month with 'a go©4^ chance that 
Two wilFcome in a row but little chance that three 
will. Usually 15 days are completely overcast 
and seven are partly cloudy. Two cloudy days in 
a row are common, and there is a 25-percent 
ch|nce of four cloudy days together. The aver- 
age temperature for the month is' 30°, but mpst 
years it still dips to near ~-20 r F. at least once. 

Average wind speed is 12 mph. 

Even though in 1976-77 the area experienced 
the severest winter on record, the greenhouse 
designers' had prepared well for the extremes. 
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Photo 8-3 3: Interior (GET ) . ■ 1 

1 

• i 

There were seven clear days for solar collection 
and 15 Were completely overcast. There were 
two five.-day cloudy periods, more than expected. 
The temperature never |*ot colder than the aver- 
age extreme. However, the average highs and 
lows for the month were much lower than 
normal, 1.3° at night and 32° during the day. 

Clin/ ate Inside: CET began monitoring the 
greenhouse February 1. Fori the first twb weeks ' 
of February the extreme weather patterns ex- 
perienced .in January continued. But the average 
daytime high was 71° inside. The greenhouse 
collected almost enough energy during the day 
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to maintain the desired temperature at night, 43° 
at leaf-canopy level.. An electric-resistance heater 
was put in to maintain that temperature, and it 
only ran about 2D minutes each night for the first 
two weeks. After that the weather warmed. The 
heater stopped contributing energy early in 
March. The total expense for electric heat was 
$4. The average nighttime temperature through 
February was in the high 40s. The daytime high 
on a sunny "day was niid-70s. 

Three inches below the soil surface, CET 
never recorded any temperature below 52 "F. 
On a sunny day it can rise 8° to 10° above that. 

Configuration: The CET greenhouse is ,16 feet 
long by 16 feet wide. The peak is 12 feet high. 



In front there is a glazed kneewall 2 feet, 
8 inches high. The glazed slope is set at 45° and 
rises 12 feet to the peak. The opaque north roof 
extends down 9 feet at 30 d to the 8-foot knee- 
, wall. in back. There are about 235 square feet of 
glazed collector area to 2 56 square feet of floor 
space. Some of the collector area, as in most 
greenhouses, is blocked by the wood rafters and 
sbme'of the floor area is used fbr walkways and 
stacking heat-storage materials. Space in this one 
is used economically. Walkways * are minimized 
and the beds are worked Trom planks that are 
moved around the beds. 

Construction: Standard practices were followed. 
In~this cafse,. however, 2 x 8s were used through- 



r 
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out to accommodate all the insulation they 
wanted. The lumber was salvaged from an old 
building. 

The foundation is of interest. They had 
planned to* insulate down into the ground well 
below the /frost line. However, they hit ground- 
water at 18 inches. So the structure rests on 
pilings, like MacKinnon's Flagstaff greenhouse, 
made of sections of telephone pole. The depth 
of the pilings depends on the frost line. In Pitts- 
field they had to sink them 3% feet. 

CET had to insulate the foundation on top .of 
the ground. On top of the pilings, the-^ plate 
which supports the structure is actually a hollow 
box made of four pieces of the 8-inch lumber. 
Later they drilled holes and injected foam- 
insulation. Inside, they put several inches of 
gravel over the ground and covered it with a 
polyethylene film. The greenhouse has no true 
floor; everything rests on, concrete block set 
around the floor area to support joists. The joists 
slope from the east and west walls down to 
within a foot and a half of the center so that the 
i raised growing beds drain to the center. 

Along the back wall the joists are parallel to 
the ground so they will support a catwalk and the 
5 5 -gallon drums. 

With the, floor blocks and joists in place, they 
covered the entire area with 3 .inches of foam 
insulation. • <■ ' 

Directly behind the glazed portions of the east 
and west wails, are vents. One is made of 
insulated panels that slide up and down like a 
windo\v for adjustable wintertime ventilation. 
The one on the other wall is the same size, 
18-inches-wide-by-3-feet-high, and is completely 
r removable. It is plywood backed with polysty- 
rene foam. One-foot-square vents are planned 
for the peak on each end wall. ** 

The sloped rear wall is foil covered. The rest 



"Working" 
\ Plank 



"Removable Catwalk 




mi 



Water Storage Drums 
Figure 8-20: Floor plan and drum storage. 



is natural wood panel. 

Insulation: Ureaformaldehyde foam is used in 
the floor walls and roof. Strips of fiberglass 
were laid" between pieces of lumber when 
making a seam that would open to the outside^ 
then the pieces, were joined tightly. . Fiberglass 
was also stuffed into all chinks. ^ 

There are 8 inches of urea foam in thd ceiling 
and walls. Urea foam does ' not stick, so 'an in- 
terior skin of polyethylene was stapled up and 
the foam was filled in behind it. The resistance 
to heat loss in-.the walls and roof is 

Besides the 3 inches of urea foam cdjvering the 
floor, there is an air .space between the top of the 
foam and the beds, which varies from 3% inches 
to 2 tinches because of the beds' slope. 
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Glazing: The greenhouse is double-glazed with 
Kalwall. Manufacturers' recommendations were 
Followed closely, and CET reports the glazing 
is airtight. To allow for temperature expansion, 
slightly oversized holes are drilled for the nails. 

Eight-inch rafters were used because they were 
available, but' 2 x 4s would suffice. The inner 
layer was put down first. The edges of the 
plastic lap, and a length of 2x2 js put over the 
seam to batten it and serve as the spacer between 
the next glazing layer. The second layer has the 
laps reversed and is battened with 2-inch furring 
strips. 

Small panels at the front of the east and west 
walls are double-glazed. There was nd night cur- 



tain the first wi'nter, but some kind of quilted, 
insulated thermal" curtain is one of the first im- 
provements CET plans to devise. 

Heat Storage: Along the back wall are eleven 
5,5-gallon drums painted black and filled with 
water. For each Fahrenheit degree the tem- 
perature rises, the system gains about 5,000 
Btu's., The most it has gained in a day is a 15° 
rise. The longest sunless stretch monitored was 
three days, and the heater wasn't used at all 
'jjlien. At the end of three days, the water had 
cooled down to 40°. Two fairly siinny days 
which followed recharged the system fully. ' 

The soil in the planting beds stores- a fair 
amount of heat, too. At six inches deep, CET 
reports a 1 2 temperature change on a sunny day. 

Gardening: All the growing space is in . two 
large beds in the" front three-quarters of the 
greenhouse. Though it is. a low planting level," 
the soil is heated by direct radiation all day and 
more reflected from the foil on the sloped ceil- 
ing. The lowest recorded soil temperature was 



51 ° at six inches. Combined with a minimum air 
• temperature of 48°F., that represents a warm 
environment relative to other solar greenhouses 
in the Northeast. 

The beds are contained by plywood boxes. 
The shallowest soil, near the sides of the green- 
house, is a foot deep. The beds drain into a 
polyethylene sleeve under the catwalk. It is a 
good safety feature, but CET reports that sp far 
no moisture' has .penetrated the collection area. 

The plywood is protected by a layer of poly- 
ethylene inside. There are 2Jnches of gravel on 
the bottom, then the 12 inches of soil, largely 
consisting of compost. They look to the compost 
to provide supplementary C0 2 as it breaks down 
further. 



CET feels that greenhouse composting could 
be done in the area under the removable cat- 
'walks. The pit could even be made deeper for 
the purpose. The spot is both accessible for 
working, and economical of space. 

The greenhouse was first seeded in early Feb- 
ruary. CET planted beets, Swiss chard, carrots, 
spinach, and turnips. All germinated well, and 
the first thinnings were ready to add to salads 
in a month. , • 

At the same time, they brought in plants that 
had been started a month earlier in another' 
greenhouse. Most were salad greens: Bibb 
lettuce, greenhouse lettuce, bunching onions, 
parsley, and corn-salad. They;, also set out, 
Chinese cabbage, broccoli, cabbage, and basil. 

Chinese cabbage and parsley both did ex* 
tremely well in the coolest microclimate*, up 
front under the glazing. The lettuce harvest 
began in mid-Mfarch along with corn-salad and 
spinach. The green crops were feci with manure- 
tea and fish-erriulsion solutions. Other crops 
grew on just the composted soil. 

The cauliflower and broccoli were ready for 
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Photo 8-34: Vreeslandhig greenhouse. Not/. Oregon. 



harvest by mid-April. S&tnc of the cauLifTower 
heads were 8 and 1.0 inches across. Turnip 
greens 'were picked lightly all along, and the 
plants were . Iwrvested May 1 with nice-sized 
globes." 

. ■ J / 

Ernie O'Byrne 

Noti, Oregon * 

' / 44° North Latitude 
O'Byrne's freestanding greenhouse was designed 
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and built in ihc spring of 1 97^ by three archi- 
tecture students from the nearby University of 
Oregon in FAigcne, Jim Bourquin"'"John .Her- 
mansson, and Andy Laidlaw, under the direction 
of Professor Edward Mazria and Steven Baker. 
The aim was to buiW an attractive structure of 
recycled materials that used solar energy alone 
and provided a good" environment for plants in 
winter. 

The unique feature of the building as a 
solar greenhouse 'is that it relies entirely on stone 
ancl earth for heat storage. It is not a completely 
passive structure because" a fan is used to deliver 
hot-air from. the peak into the interior of the 
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rock mass. A sauna has been designed into one 
end of the greenhouse. When it is complete, 
heafed air can be forced through the rock bed 
providing supplementary heat. 

I : -rom an aesthetic point of view, this tree- 
standing greenhouse is pleasing. The attached 
sauna expands the greenhouse as a center" of 
daily activity. In the landscape, it is nearly invisi- 
ble to the home on the north side of it because 
the high berm and the root are covered with 
sod, presenting a green vista. A garden easily 
could be made part of it. 

OvienLUion: Due south 

JiUi/i.ir) Climate Outside: January around Noti 
and Eugene usually averages near 30° during 
khc day and 30° at night. The expected extreme 
temperatures, most often occurring during clear 
weather, arc 15° lows and 5.5° highs. During 
cloudy, weather which is the usual condition, 
nights are regularly 35" and days 50°F. Tem- 
peratures in the reference year were normal. 

In January 1977 there were 19 cloudy days 
. and 9 sunny days, more sun than usual. The 
Noti greenhouse was monitored between mid- 
January and mid-February, an extraordinarily 
sunny time. The" longest overcast stretch was 
three days. 

Climate* Inside: The greenhouse is designed to 
j maintain normal low temperatures of 50° and 
Digits of 70°. The 'coldest temperatures they 
! expected inside were 45° at night and 60° in 

| the day. "" ••<••-•.•• • 

During the first winter the greenhouse per- 
formed very close to these expectations. Be- 
cause! there was more sun ( than usual, it was often 
on the warm side; .temperatures ranged from 47° 
to 73 °F. These extremes did occur during clear 
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weather as predicted. Radiation losses through 
the glazing are greater at night then', but the 
likelihood of recharging the next day is high too. 
Because cloudy nights are almost always warmer, 
the losses are j\)\yer, which balances the weak 
solar input during a cloud)' day. During cloudy 
stretches that winter, the daytime high inside was 
55'. but the low at night was only 50 ; T\ 

Co>i\\£itrMinn: The floor area is 1 . i 7;.t.eet.-laug-.by- 
12-fect deep. The peak is 12 feet high. On the 
south side the vertical wall is S teet high and 
on the north it is about 9 feet. The greenhouse is 
built into the. 'side of a south-facing slope, and 
the north side isifunken deep into the hill. What 
remains abovegrade has been heavily bermed up 
to the cave. Sod covers the entire north roof. • 

Construction: Fir post-and-beam construction 
provides the framework and eliminates the need 
for a conventional foundation. The logs were 
salvaged locally from recently logged land. The- 

roof and all the walls except the north u.se 

standard 2 x 4 framing. The exterior is finished 
with 2 x S tongue-and-groovc and the interior 
with 1 ' 4 --inch cedar. The roof is covered with 
Homosote, building paper, and polye.thyl<2»e on 
top to protect the materials from the moist sod 
roof. The door is a ^alvagcd walk-in' freezer 
door: cheap and heav.ily insulated. 

"The north wail is a thick mass of rock, about 
3 feet wide at the bottom and 4 feet at cave levelV 
The excavation slopes back into the hill so the 
flattifn stones -could be stacked into this dense 
. walk , .thicker., .at .th e top than the bottom. The 
interior of the wall is vertical and r wdre mesh 
helps keep the rocl^firmly in place." Thin, flat 
rocks stack well and provide plenty of air spaces 
for the essential heat exchange. 
The total material cost was $900. 
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Photo 8-3 5: Norlh wall , herm detail . 



lusuhitiou: The walls are insulated with 3 ] /_>- 
inch fiberglass batts. There is no insulation ex- 
tending into the ground around the perimeter, 
nor between the rock wall and the earth. The 
builders now feel that insulation should have 
been installed between the heat-storing rock 
wall and earth outside. Heat is lost steadily to 
the earth which has low insulating qualities and 
, is,. , aggravated, ... hy.„ . .continual ... .dampness - .-in -the • 
Northwest. The same is true for the sod roof. 
Though nearly a foot thick, it docs not insulate 
well. The warmest air is near the roof and 
insulation would hold energy in much better. 



Glciz/ng; The southrfacing roof is 120 square 
feet of double-glazed Filon with a U inch be- 
tween layers. Glazing in the 8-fbot south wall is 
/>6 square feet of ordinary Windows which were 
salvaged. They can be opened for sirfnmcr 
ventilation. In 5 winter, polyethylene is put up 
inside to make a dead-air space. The designers 

intend to install shutters or a curtain for the next 
■f 

season. 

Heat S/pra^e: All the heat storage in this green- 
house is rock. On the floor are 4 tons of gravel, 
some. of which receives direct radiation all day. 
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Figure 8-21: Porced-ci/r storage 



The floor would retain more 1 heat if, again, 
insulation extended into the ground below frost 
line around the perimeter. * 

The primary system is the 28,000-pound rock 
wall coupled with a fan which runs whenever the 
greenhouse is collecting solar energy or tem- 
peratures drop below 45°F. Typically, the fan 
might be used when the air is overheating, from 
9:00 A.M. to 3:00 p.m. on a sunny day, and 
again when it is needed most, from midnight to 
dawn. The fan^raws air through a duct from 
the peak where the hottest air is concentrated 
' and delivers it to the bottom interior of the rock 
wall. Energy then rises, naturally up through the 
rock. The fan is essential to the system. 

The reason is that heat- passes through rock 
slowly. The surface of the rock wall* receives 



direct radiation all day. It cannot transmit energy 
to the interior as fast as it receives it when the 
sun is bright. The excess energy is reradiated 
and heats up the air. In addition, the thin sur- 
face layer,, which becomes relatively warm, 
cannot absorb energy as efficiently as when it is 
cooler. The fan is needed to take -advantage of 
the heat which returns, to the air and to keep 
the greenhouse from overheating. Without, 
forced air movement there would be very little 
warm air migrating to the middle and back of 
the rock wall which is coolest and has more 
capacity to receive additional heat than the 

surface. t . \ 

<* •* . 

Gardening: The greenhouse ^ts not had a 1 full 
season of "gardening yet, but some house plants, 
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wandering jew, spider plant and others, were 
put in for the month of January. The green- 
house kept the plants healthy, but they didn't 
seem to grow., .'At the end of the month, seeds 
were sown tor early "spring greens and for 
garden transplants: lettuce, radishes, cole crops 
and tomatoes. All types germinated quite well 
and grew enough to be ready for transplanting 
by the middle 51 of February. 

Judging by experiences oJ eastern solar, green- 
house gardeners, the Noti greenhouse maintains 
line growing temperatures. The air and the soil 
remain quite warm, and appear not to be sub- 
ject to drastic changes or extreme cold. Accord- 



ing to observations at Noti, extremely low light 
levels are .probably the reason that growth in 
January is so slow. 



Future Refinements 

Only those freestanding solar greenhouses which 
have success! ully. grown crops in winter have 
been treated here. Undoubtedly, there arc other 
fine systems which remain unknown t<a us. In 
fact, the construction of freestanding solar green- 




Photo 8-36: Varallones Institute . Occidental. Cal/f. 



orina. 




Photo 8-37: Sctirnatgreeiiho/ise. G/rcle.^lnutiVhi.' 



houses is -something of a phenomenon, with 
structures, springing up in all parts of the 
country. Faralloncs Institute has recently com- 
pleted one well-suited to the mild northern 
California coastal climate. The Domestic Tech- 
nology Institute has built one in Denver and 
another near their headquarters in Evergreen, 
Colorado. 

The designers of'the freestanding greenhouse 
treated here all report that they have learned 
-from their experiences and plan to introduce new 
features. For example, the Mackics, the people 
at Pragtree Farm, and CET, are all designing 



types of curtains and shutters to insulate the 
glazed .\\all at niqht. 

In a freestanding greenhouse, a backup heat- 
ing system can be an important consideration, 
depending on what crops you intend to grow. 
Several of the greenhouses described here use 
electric heaters, primarily because the researchers 
wanted a precise monitoring of heat energy 
added. While that is important tff researchers, it 
may or may not suit your system. The New 
Alchemists have- a wood stove "for maintaining 
the Cape Cod Ark through extremely cold 
periods; Perhaps most efficient are the systems 
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- that use waste heat, such as the M'ackies 1 . grey- " 
water trap or the saunas underway at Noti.and 
Pragtree Farm. 

Remember that with electric power it is 
cheaper to add fluorescent light than heat. 1 Faced, 
with a choice of constructing a wider, higher 
glass front to let in^recious light (and resigning " 

7 yourself to supplementary heating) or leaving 
the glazed face small in order to insulate more, 
you may^save the most energy by adding fluores- 
cent ligJit. This dilemma arises most often in 
very cloudy and cold climates. Fluorescent lights 
may be a very tempting option in the Pacific 
Northwest where temperatures are relatively 
warm and stabfe inside the greenhouse during 
winter but where plants, won't grow because so 
little sun gets through' the clouds. , . 

Fans, too*, have value in solar greenhouses 
beyond their .usefulness irT augmenting- heat 
storage. Since they take power, they don't fit the" 
passive TTiocteT Certainly a system that relies on 
fans for - success has. sacrificed its < essential 
simplicity. But' as horticultu|e' in these new 
greenhouses becomes as finely tuned as solar 
engineering, fans will likely become common, if 
only to 'ge^more carbon dioxide to the plants. 
■ . Earle Barnh^rt, of the New Alchemy Institute, 
suggests that plants will not do as well as they 



might in the perfectly still environment of a* 
solar greenhouse. Besides ^sufficent./kght jn 
' winter, carbon dioxide can lini it growth in an 
airtight greenhouse.. Abundant CO* can even' 
offset some of -the effects of reduced, light,' Wheirp 
the air is stagnant, the .air . in thetlekf » setae :cari 
easily be depleted, causing photosynthesis to 
stop. However, a fan can remedy this situation. 
It will also mix warm air at the top with, cool air. 
near the ground, which is particularly significant 
when ground-level' beds are used. 

In addition, a fan can be installed in such a 
way as to. increase, the amount. qL heat put into. . 
storage — at no extra/ expense. Simply, direct 
the air flow so that the warmest air in the house", 
•is channeled across the thermal mass. In many 
instances, wind power could be harnessed to turn 
small fans in the greenhouse. 

Finally, as our .understanding of horticulture 
un the solar greenhouse increases, the pioneering - 
work withj compost will receive 1 more attention. 
There may Be no simpler way to Substantially 
increase COfe-in the air than by decomposition. 
Inside the . greenhouse, solar energy "triggers" 
the composting process. In " turn, the pile can 
heat up to 1.50°F., which also might be a signifi- 
cant heat contribution. 
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\ Chapter Nine 

The Attached Greenhouse 



A 



James B, DeKorne 



The reaspns for building an attached green- 
house read like a litany of good advice for any 
section- ef- the-e©tmtry -.- Greg- Maclcte- of - Snow-— 
mass, Jlolorado, who has constructed numerous 
solar greenhouses in his region and who often is 
paid for his services wa'th greenhouse vegetables, 
offers the following reasons for building an 
attached, greenhouse: 

~" '. n~The" p'IFrits~complele~tl^BidspJiere. They 
add oxygen and refresh the air. 
" 2. ~~The greerrhouse adds humidity to the air. 
This is badly needed year-round in the 
western one-third of the country and all 
over in Winter. Even in very humid sec- 
tions of the East, when you take cold 
humid air in from outside and heat it, it 
■ - • then has a relative humidity of. around 5 to* 
10 percent. Just how much Humidity does 
a greenhouse add? It will increase tjie 
humidity in an adjoining ropm of com- 
parable size by 5 to 10 percent* If you 
"have open ponds,. a 10- to 20-perceht in- ; 
crease,* and fountains will increase it 
even more. 

■3. It can heat adjacent rooms all during a 
sunny day and, depending on the. amount 

* (Firsthand measurements.) 



of thermal storage, part of the night. As 
a rule of thumb^for the maximum daytime 
heating, the greenhouse can totally heat up 
to twice its area in the house, given enough 
mass and insulation. 

4. It is .an aesthetical addition to the house. 
I can. think of nothing better than having 
breakfast' in a warm jungle in the middle 
of w i n tcr^^oj^emng my greenhouse do o r._ 
instead of my refrigerator to get dinner: 

5. Low-cost greenhouses I have built,' that 
have been run to capacity, have produced 
vegetables to pay for the cost of materials 
in nine months.* 

6. Where I live, and in much of the West 
and North, it gets below 50°, or even 
freezes, every month of the year. A green- 
house is actually needed all year-round to 
grow things lifce 1 tomatoes that will not 
fruit when continually subjected to night- 
time temperatures of below 50 °F. ,. 

7. Plants raised to large '^size in greenhouses 
"^with-constant temperatures usually die if 

they are transplanted outdoors to a cold 
and fluctuating climate-. Plants grown in 
. solar greenhouses with moderated tem- 
perature fluctuations adjust to their ne% 



:: (Personal case studies of three greenhouses.) 
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Upper Portion of Roof 
Is Opaque to Shade 
Greenhouse in Summer 

Summer 
Sun Angle 



Dwelling / 

/ Low 
/ Vent 

Cool Air from/ House- 




Air Is 
Warmed in 
Greenhouse and Rises 



Winter 
Sun Angle 

(Angle of winter 
sun is lower 
than 1 opaque 
section of 
greenhouse 
roof, thus all ~* 
sunlight caff* 
enter.) 



Figure 9-1: Air circulation in typical attached greenhouse. 



environment better. 
8. An attached greenhouse is an inexpensive 
structure, which can be constructed for 



approximately $2.50 per square foot. 

An "attached greenhouse is really nothing more 
than its name implies — a thermally efficient 
forcing structure attached to the south side of a 
dwelling with provision for venting the collected' 
heat into the house. Most greenhouses which are/ 
retrofitted onto a horrie make use of existing 
doors ^ or windows for venting the heat- inside.,, 
Depending upon the type of home and the 7 con- '- 
struction ability of the builder, a much more 
efficient ventilation system is often /installed. 
This consists of floor-level vents which admit 
cool air from the house into the/greenhouse. 
(Remember: Cool air sinks, warrr/air rises.) As 
this cool air is heated, it rises inside the green- 
house and is- expelled through ceiling-level vents 
back into the house. In this? way, cool air is 
always circulating from the house (bringing with 
it lots of essential carbon dioxide for the plants), 



being warmed in the greenhouse, and then 
vented back to the dwelling many degrees 
warmer than when it e ntered . After sunset, the 
process can be reversed— the now-cooler art from 
the greenhouse enters, the home wljere ,'it is 
warmed^ rises, amd reenters the greenhouse. 
Some people prefer to close the vents at night, 
.using the greenhouse primarily as a daytime heat 
/collector during the winter rather than a place to 
raise plants. * . ^ 

' When including a greenhouse ' as part*- of a 
new home, the floor and ceiling vents are incqr- 
porated into the design and don't pose the prob- 
lems encountered in retrofitting «a greenhouse to 
an already existing dwelling. Jpne idea which 
should further improve, the Efficiency of the 
greenhouse as a solar heater, would be" to install 
the floor-level vents from the dwelling against 
the far north -wall of the room and use the sjpace 
between the floor joists as a ventilator passage 
into the greenhouse. 1 

In this way, the coldest air would 'be .drawn 
from the room to be heated. The space between 
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Floor Joists Used as Duc^s 
lire 9-2: Venting system below jJpor. 



the joists, of course, would haW to be enclosed 
in such, a way that only the^arr from the room 
would enter the greenhouse. Otherwise, the cold, 
»air under the house floor would constantly enter! 
the greenhouse, to ho advantage at all. 
-D«« n g-the~$urn mer^-of- co u rs e ,-- t -he -las£4hinj 



you .want to do is heat your dwelling, so tile 
ventilators to the house are kept closed. To kelp 
the' iirnimer; plants from cookitig, an auxilialy- 
ven'tin^ system must be -employed which |ir- 
culates the heated greenhouse airioutside. This is 
accomplished by building a ground-level vent to 
admit cool outside air on the upwind side of the 
greenhouse, and a higlfvent to\ expel the! hot 
greenhouse air on "the .^downwind side. //This 
orientation will insure efficient a|nd contiifuous 
circulation of aiij. Some sort of windbreak in 
front of the low vent may be necessary in high 
wind areas, but since wind velocities are lowest 
in the Northern Hemisphere during the summer 
months.; when these vents are used most, high 
.winds shouldn't be a problem. Bill Yanda, who 
has more attached-greenhouse construction ex-' 
, .peri(enc.e.,tha ( n; anyone I knov^, states in his book: 

The total square foptag& of exterioiovehts' 
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^ should be about one-sixth (of the floor area 
of the greenhouse. The high vent is one- 
third larger than the lower one. 

■ Here in New Mexico, using a hysdroponic 
growing system, I just have never hadjbumidity 
problems in my greenhouse. Obviously, in other 
parts of the country where the air-moisture con- 
tent is higher than our semiarid environment, 
humidity could pose very real problems — par- 
ticularly with an attached greenhouse where 
Excessive moisture might easily cause mjldew on ; 
/household furnishings. Adequate ventilation in 
summertime: then, is a must, and in some locales 

f might even necessitate tlfe use of an electric 
blower of some sort. ^ 

Experts have determin&l that the most efficient 
use , of space* is to make the attached greenhouse 
abo/ut twice as long as 1 it is wide. Thus, a forcing 
structure built against a house wall 20 feet long 

^srujmld ha veil widtTrcTTO~fee[. There is a point-' 
of (diminishing return^ here, however * I person-/ 
all^. woijld never build an attached greenhouse 
les-s than 8 feet or more than, lb feet wide, no 
matter, what the length was. Ten feet is a gdocL^ 
width to aim for — it gives, jplenty of growing 
space while still retraining efficient as a solar / 
collector. ' ' ; 



Constructing an Attached . 
Greenhouse" 

The construction of " a typical attached green. 1 
house is very simple, making use of standard ' 
stud- wall carpentry techniques. One begins by 
digging a trench below the frost line to the exact 
outer dimensions, of the greenhouse.. A cement 
footing is then poured. Two tiers of cement 
blocks are. laid on „ the footing, using either 
mortar or the "concrete-down-the-holes" method. 
Jspace for a door is provided — keeping in mind 
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Horizontal 
Plate 
Attached 
to Dwelling 



Vertical 
Plate 

Attached to 
Dwelling 



Figure 9-3 : Framing <vid f oundation insulation— rtittftched greenhouse. 



that the dciofway shop Id be on the side away fhe angle of your, latitude ply's 35° (sfee Chapter 

froif> the prevailing winds. * Four). Whichever cDnh^tiration'you Use, yoit'll 

After the blocks are laid, bolts are cemented have to decide how the greenhouse rasters will 

in place to provide a means of attaching *tlie attach to your home. If 'you aren't able to attach 

2-inch-by-8-inch wooden plates. The plates pro- them to the'ihouse rafters themselves, a Hpr.izon- 

vide a nailing surface for the stud walls. The tal plate can\ be fastened to the wall of" your 

, 2 x 4 studs for' the clear-wall portion of the dwelling by means of lag screws or expansion 
\greenhquse are nailed on 47-inch centers — this' ^ \ ' ' . \ 

is to prpvide correct' spacing for the fiberglass, \ 

-which comes in 48-inch widths.* (Techniques * Note: -References' to use of fiberglass as a primly 

" Would vary with other glazing materials.) gazing merely reflect the extensive use of this ma-. 

- T . . . * , ., . . ■ terial, particularly in the "'Southwest. For full ,details,\ 

Now is the time to decide whether you want includingrating - and installation hints for the varicJus 

your south wall at a vertical (90°) angle, or at glazing materials, see Chapter Four. 
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bolts? and the greenhouse rafters nailed to it.\ 
Vertical plates are attached on the .east and west 
walls °of the house in the same manner, and 
serve as a nailing surface to which the greem 
house walls are fixed. 

the east Vail of the greenhouse should be 
clear to catch that important eai;ly morning sun- , 
light, but the west wall is usually opaque and . 
well insulated. The west' wall studs, are placed 
on 24-inch centers. The outside surface may 
consist of any convenient building material — 
plywood and Celotex are often used. The most 
important thing to re-member about this opaque 
wall is that it^must be insulated as much as 
possible. You can glue Styrofoam panels to the 
^ outside surface with heavyduty. construction ad- 
hesive, cover this witlv tar paper, then nail on 
Hiicken netting to_ jvhi_ch__y^^ cement 
tucco. 

Because the humidity level in a greenhouse 
, cain become very high; a wood preservative must 
be\ applied to all wood surfaces to prevent rot. 
The recommended wood preservative for green- 
houses is copper napthenate." 1 Not knowing any 
.better in 1973 when I built my pit greenhouse; I 
generously treated all wooden members with 
pentalphlorophenol, commonly known as 
' "penta." This- is truly a deadly substance, as 
■ an^^ffAvhp^h'ai fever used itjfean attest — I actually 
felt qu\te, iJjj after using' th^ stuff; experiencing 
dizziness, nausea, *and general malaise for several 
hours. According to all green+iouse authorities, 
the- penta shatdd have.krlled all the plants in my 
greenhouse. The fact is that it didn't even make 
them as sick as it "tl id me. The only explanation 
That I havie for this is that the greenhouse sat 
exposed to. the hot New Mexico sun for a -week 
or two before the Filon was installed, thus allow- 
ing the pen^a to completely penetrate the wood 
* and dry out.\ Since the greenhouse was finished 



in late October, the structure sat vacant until the 
following February when the first vegetables 
were planted. This gave the structure additional 
time to absorb and dry the poison. I have never 
had any problem with plants dying in my green- 
house that could in any logical way be traced to 
penta poisoning, but I have heard of other 
people who have lost everything in their green- 
house because of it. 

After the wood preservative is applied, the 
fiberglass is» f cut into the proper lengths and 
attached to the studs with special nails. Avail- 
able from the same source where you bought the 
fiberglass, these nails are made of aluminum (so 
they won't Mist and "stain the fiberglass) and " 
have rubber gaskets beneath their heads which, 
help prevent water from entering through the 
nail holes. 

A very important design feature of an attached 
solar greenhouse is the fact that approximately 
one half to two-thirds of the upper portion of 
the roof — the part that butts .up against the 
house — is opaque. This feature provides built-in 
shading from the. high angle of the summer sun, 
yet allows all of the low-angle winter sun to 
enter the greenhouse, The, lower portion of the 
*rooFconsists of translucent corrugated fiberglass 
panels. (Although the wall sections can be cov- 
ered with flat fiberglass, the corrugated type oh 
the roof provides extra strength. If you don't 
intend to ^o any summer growing at all, the ' 
entire roof of ? the greenhouse could be opaque. 3 
(It is difficult to anticipate climatic conditions in 
other parts of. the country. Obviously, one 
wouldn't build the same sort of greenhouse in 
Needles, California, as one would in Anchorage, 
Alaska.) 

After the interior plastic js stapled in place, 
and. a suitable floor material installed— this can 
range from flagstones or tile to crushed gravel — 
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Figure 9-4: West view, attached greenhouse Long Island, New York. 



your attached greenhouse is essentially com- 
pleted and ready for the plants. Most people 
build earth-filled planter boxes along the walls 
and suspend hanging pots from, the rafters. 
Suffice it to say that you want to optimize ,the 
Amount of growing space available. 

Similarly, you also want to optimize the 
amount of storage space 'available. According to 
Greg Mackie, "My rule of thumb is this: if 'it 
gets above 90 °" in December, January, or Feb- 



ruary, then you need more thermal mass. Any- 
one who- says he has to vent in the winter is 
saying, in effect, that he needs more thermal 
mass. 

"As far as water storage is concerned, I have 
found the following rule of thumb to be useful: 
in and around Snowmass, Colorado, I would use 
a minimum of two gallons per square foot, of 
greenhouse space. In the warmer climates, I 
would use a little more. In the Midwest, for 




. example, I might add four gallons of water per 
square foot (see Chapter Seven for more 
. details). 

"Actually, I go a little farther than water 
■^-storage. I insulate the&perimcter of my green- 
house with 5 to 6 inches to headboard, 2 to 
° 3 feet deep. Tin's makes all the earth in the 
greenhouse a storage area. With the help of this 
perimeter insulation I can run a greenhouse, all 
year-round, even at 1 1,000 feet, with no movable 
insulation. The warm soil keeps the adjacent air 
warm even if the greenhouse drops below 
freezing.. 

"Of course, it depends on what you are trying 
to- grow.- I grow root crops and greens. On the 
other hand, I know people living at 9,500 feet 




Photo 9-2: Glazing. T-ranffng detail. 
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who like to have tomatoes jn January/ Forj 
some kind pf nietfttim,e 'insolation is. e'ssentiar** 1 ^-' 

has \:onsi 



D.avid o "MacKh'hnoi'i^ "vgho 
solar*gree%housc cxpcriafcfr-s&tc? Ha at," ' 'J^gy, 
mal storage is "fust as 'important 'ift-aii attacnifct 
greenhouse as in-^-frccstandjng one. In an .at- 
tached greenhouse \vit,h jmicJ^juate stqrage'^kere 
is a tendency f<%thc temperature to swing wildly- 
duriiSt*?, the day, ftfim abound 100°F. <to around 
freezing ^it nighlp^And 'this is not good (qx'-arOp 
prodtiCfiof^. 5 ^^^.94he'r--ljahd, adequate thermal 
mass has ' effect on«th,e gfedn- 

Jiou-^B^^^p ^j^ ft encoufriges iw-ttiral ait-qir- 
culati^^^^ydi ^Slp4 comply the convection 
loop in^li^grecnh'OLisc.'' ' '''("^ee Chapter Five for 
complete Storagcdnformation. ) , 




Attached greenhouse. 



Eojig Island, 



Attached Greenhouses: 
Regional Examples ^ 

While the attached greenhouse I have briefly- 
described here represents the standard design* 
which was .pioneered and defined by Bill Yanda 
and Greg Mackie fo|j|j^ie Southwest, variations 
on the theme are popping * up *all across the 



sappprt a cjpubhf layer of 'ordinary 6-mil plastic 
/sheeting. .iFJsiiw these- rcacfily available arid in- = 
5 expensive mate'riaiiTresuUed. mjjn^jrenditure of 
'about* S.8G- for the entire" greenhouse. '„ -. 

On ", Cape Cod, Massachusetts, Bill von Arx's 
attached 'greenhouse is" a ^commercials, glass 
(single-glazed) and aluminum unit.* The orig- 
, inal design is not "solar" in the sense defined in 
, the book, bu^y^on Arx has added refinements 
which increase it's solar efficiency. 'He installed 
sheets of "bubble pak" against the vertical panels 



country. A njee example of hov^^greenhou^e of glass. (This,[s the same material used in the 

can be integrated info the overall concept of a original Lama Growhdle ! described in Chapter 

dwelling has been conceived and built by two Ten;) Next, von Arx built two solar collector^ 

Arizona architects — Michael Frerking and Bill which heat and circulate water through the 

Otwell. -flfliey estimate that 80 percent of .the greenhouse. Power for water circulation comes 

home's winter heat load is handled by the green- from a small, wind electric system. One of the 

house. solar collectors, placed against the ndtth wall of 

Chris Ah tens of Long Island,' New York, has -H:he greenhouse; is made out of panels used for 

"a small attached greenhouse which makes use of, circulating fluid in a refrigerator truck. The 

%-inch aluminum electrical conduct as its sup- other solar collector is located outside the green- 



porting structure. These .vertical tubes aredield 
by means of. T-joints to a horizontal tube which 
is attached to the foundation. Horizontal 
wooden laths ^wired .to the vertical struts help 



house. It used ethylene glycol (antifreeze) as a 
fluid and transfers the collected heat into water 
via a heat exchanger inside fhe gfenhouse. The 
inside "bottom of the growing bench has two 
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Photo 9-4: Attacked greenhouse^rrith solar collector 

loops of copper refrigeration tubing through 
which -the solar-heated water is pumped at night. 
These loops are covered with about an inch of 
sand to hold and distribute the heat more evenly 
to thejplant roots. 

There are probably as many variations on the 
basic attached greenhouse as there .are people to 
think them up, indicating the great versatility 
of this solar structure. For example, the Institute 
for Local Self-Reliance in Washington, D.Cj, has _ 
a greenhouse that is built on a city rooftop. The 
unit, which cost approximately $2,000 to build, 
"takes" heat from the two floors of living space 
below. Strictly speaking, there is no heat-storage 



Cape Cod. /Massachusetts. 

capacity in 'the greenhouse other than the brick 
wall at the rear (see Figure 9-5). Because the 
use of soil would pose problems of weight far in 
eyess of that for \vhjch the roof was designed, 
tile greenhouse uses an organic hydroponic sys- 
t^tn. The vermiculite and perlite used as a roof 
support medium for the plants are much lighter 
than dirt and will not exert undue stress on the 
structure below. 

i is 

j Although the construction of attached solar 
greenhouses has largely been evident in rural 
areas, t$iere is every reason to believe that it is 
becomifig an urban phenomenon as well. ";In fact, 
Mark Plotkin of Milwaukee, Wisconsin, built a 
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walk-in, solar-heated greenhouse (perhaps more 
properly described as a solar collector ) on the 
porch on the second floor of his home. 

Each side, bottom, and top edge of the porch 
is insulated with fiberglass, covered with ply- 
wood, and sealed with a silicone sealant. The 
framing is conventional. First the back studs are 
secured to the house -%wjth lag- bolts. Then the 
front face (pre-made) is set into place and- 
secured with angle braces to the deck ledge. The 
windows are single, sheets of pane glass. 

An interesting feature of the greenhouse is 



that shutters (or wings), which are constructed 
of 1 s -inch plywood and fiberglass and painted 
with hi-gloss white enamel serve as. both night- 
time shutters and reflectors. These can be ad- 
justed by a pulley system to control the amount 
of light which gets into the greenhouse (Figure 
9-8 ) . This greenhouse, which has been in oper- 
ation for three years, has never gone below 47* 
even when the temperature was — 20°F. 

Since people living in urban areas have limited 
opportunities for vegetable production, the urban 
solar greenhouse offers real hope for those who 




Figure 9-5: Roof/op greenhouse, Washington, D.C. (Institute fonLocal Self -Reliance). 
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Photo 9-5 : Roof 'lop greenhouse growing beds. 

want to strive for self -sufficiency. And such a 
greenhouse has been built in center-city Milwau- 
kee through the efforts of the University of 
Wisconsin, Department of Architecture, as part 
of an energy resource conservation course 
(ACCESS projects). 

The greenhouse, which is attached to the 
southeast corner of a garage, is situated approxi- 
mately 40 feet from an apartment house. In 
part, students were able to' make use of recycled 
materials in the construction (storage tanks, 
glazing, fiber pipes, plywood) v . 




Photo 9-6: Roof lop greenhouse intake and ex- 
haust fan. 



This passive solar greenhouse has been fitted 
with active components, though they are not yet 
in use. Two 2 5 -square-foot, flat-plate solar col- 
lectors are mounted on the south end of the 
garage roof. ,.A fan forces the hot air from the 
collectors through a 4-inch flexible hose which 
runs down the ' inside wall of the garage into 
4-inch fiber pipe imbedded in the soil. How- 
ever, the greenhouse has functioned well without 
additional heat from the solar collectors. 

The greenhouse, sunken into the ground 
approximately 4 feet, is • double-glazed with 
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recycled storm windows and shuttered with 
>root-by-5-toot Styrofoam (2-in.ch) panels 
trained with wood. The wood is covered with 
canvas. Storage consists of two ^O-gallon, hot- 
water^anks that have been recessed into the wall 
of the. garage. The storage "box", is insulated 
with 4 inches of fibcrelass. The walls of the 
storage "box" aVe lined with reflective foil. 

In February, students seeded 400 vegetable 
plants including tlifce types of tomatoes, beans, 
radishes, chives, andVmions, which later were 
transplanted in a number of area gardens. 



The greenhouse temperature \ never went 
below 44° even when the outside \emperature 
.dipped to 10°F. According to Greg Ander who 
helped construct the greenhouse, the 'interior 
temperature remained relatively high-Xeven 
with minimum storage, because of the insulated 
shutters. He estimates that shutters cut nichi- 
time heat loss by 60 percent. 

"There is no lack of ingenuity on the part of 
people who want to construct a solar greenhouse. 
For example, Douglas Needham of New York 
State, would have preferred to attach a green- 




Photo 9-7: Porch greenhouse. Aiilwauk.ee, 
j Wisconsin. 



Photo 9-8: Vieiv jram interior oj house. 
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Figure 9-7: Shutters assembled and in place. 
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Figure 9-8: Shutter / 'reflector duties. 



Figure 9-9: "Winv" mechanism. 

house to the south-facing wall of his home for 
the obvious heat advantage. Unfortunately, £he 
orientation of the house was not satisfactory' so 
he attached a solar greenhouse to the wall of his' 
25-foot-by-40-foot tool-implement shed which 
has -aluminum siding. Needham, poured an 
8-foot-by-S-foot foundation, 30 feet long and 
•10 feet wide to support the east, south, and west 
walls. He used economy-grade 2-x 4s for wall 
and roof framing. The height of the south wall 
of the greenhouse is 6 feet; the 2 x 4s supporting 
the roof rose t@ a height of 10 feet where they 
were attached' to a' 2 x 4 string that was 
attached to the wall of the shed. 

The roof and south Wall of the greenhouse 
were covered by lin outer layer of corrugated 
greenhouse-grade; rigid fiberglass. (Use glass Or 
flat fiberglass; the corrugated variety tends to 
split when nailed.) An inner layer tif 4-mil 
plastic\nlm was fastened to the 2x4 framing by 
1. -inch bafting^ nailed over the film. Three loof Figure 9-10: Mechanism jor raising woj shutter. 
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Photo 9-9: Solar greenhouse attached to garage. Note solar collector on roof. Milwaukee. Wisconsin. 



vents, three window vents in the east wall, and a 
wall fan located next to the door on the west 
wall provide ventilation. To prevent heat loss he 
installed 9Vi inches of fiberglass insulation inside 
the shed against the wall of the greenhouse. 

Instead of using bagged sawdust or poly- 
ethylene-board insulation to prevent heat loss 
through the ground, around the outer perimeter, 
Need ham buried" old hay bales with tops just 
above the base of the concrete arid extending to 
a depth of 2 feet. After the greenhouse was con- 
structed, 1 he dug up the earth inside and placed a 
2-foot layer of hay about 2 feet beneath the sur- 
face, replacing the earth in layers of 6 inches, 



alternating with 6-inch . layers ' of well-rotted 
horse manure. 

Needham planted lettuce, onions, beets, 
cabbages, cauliflower, sprouts, and-kroccoli right 
in the ground. He reports that "even after weeks 
and rnonths-~-of uninterrupted, subfreezing day- 
time temperatures and many nights arOund zero 
degrees, the plants continued to grow. The 
aluminum siding reflected light and heat back 
into the greenhouse and much of the heat was 
apparently absorbed and trapped in the earth 
bounded by the layers of hay." 

All the plants grew and were harvested with 
exception of the sprouts. In April, Needham 
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planted climbing strawberries, climbing toma- idea of an attached greenhouse, you are only half 

toes, melons, and even two lemon trees in the right.. Actually, a superior design consists of a 

greenhouse, together with seeds in flats for trans- combination of the attached and l pit greenhouse 

planting in the garden. ( concepts. Combining the thermal advantages of 

■' , earth insulation with the advantages of home 

* ' \. . " heating results in a very efficient -structure— the 

■Attached-Pit Greenhouse * attached-pit greenhouse. >- 

One consideration before you build an 

If by now you think I am totally sold on the attached pit is. the risk of digging a large hole so 

I . 




Figure 9-\\: Rendering of photo 94, inch/ding forced-air distribution. 
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Photo 9-10: Greenhouse attached to too/shed, 
Holley. New York. 



close to the foundation 

/. 



In most circumstances, 



Nonetheless, there are plenty of examples of 
homeowners who have actually cut through the 
ba-se^ient wall in order to attach the pit to the 
> house. Joe and Gail White of Epping, New 
Hampshire, have constructed a 28-foot-by- 10- 
foot attached pit which rinses V 1 -. feet above the 
ground, --exposing a little of the total surface: to 
air and wind. 

AJkher ' good example* of an attached-pit 
greenhouse has recently been completed at Ghost 
Ranch, an adult-study center administered by the 
Presbyterian Church near Abiquiu, New Mexico. 
The photographs shown here were taken before 
the building was completely finished, but the 
design features are readily apparent. 

Bob and Cissie Johnson oJ^Landenburg, Penn- 
sylvania, have a 3-foot-deep pit greenhouse 
attached to the southwestern wall of their home. 
The greenhouse dimensions are 24 feet by 9 feet 
^nd-the ceiling at the rear rises to about 8 feet. 



it would not be A Job undertaken by anyone but The only provision for heat storage is the mass 
an experieiaced°builder. of the concrete back wall. Heated air is free to 

pass up and into the living are^'and when it gets 



very warm, a fan pulls air ;nto the crawlspace 
under the house itself. 

Homeowners who live as 'far north as 45° 
are finding that an attached-pit greenhouse works 
very well as a heat source and a season extender 
for crops. George de Alth of Clementsvalc, 
Nova Scotia, who constructed their 640-square- 
foot house on an old dry-wall, stone foundation, 
used part of the fohhdation for a 14-foot-by- 
8-foot attached pit. - 

For the de Alths, the rationale for building 
an attached pit was simple. "We live," they 
report, "in western Nova Scotia which has frost- 
free summers of about 90 days. In order to start 
tomatoes, peppers, melons, and eggplants early 
enough for good transplantation at the end of 
May, people in this part of North America need 




Photo 9411: Ulterior. 




Photo 9-12: /// 'Inched '-pit greenhouse. Hp ping. Neu 




Photo 9-13: Attached-pit greenhouse. Abjc/t/i/t. 
Neu; Mexico. 



Hampshire. 

to plant their seeds at the beginning of March. 
Our vegetable garden is a quarter of an acre, and 
to start enough plants for it, we needed a green- 
house." 

In constructing the greenhouse, its foundation, 
beds, and walkways, de Alth stayed within the 
bounds of standard carpentry. He started by 
pouring some concrete footings in which he 
placed spikes, point up, so that he could sink 
posts into them. In these 4 x 4 posts he notched 
for 2 x 8s which supported the walkways and 
the general lower deck of the greenhouse^these 
are 3 feet below ground level. 

As he constructed the greenhouse, he painted 
every piece of wood with a wood preservative to 
prevent rot. Whenever earth came i in contact 
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Photo 9-14: Alldcbed-pil, interior. 

with any of this wood, he separated the pieces 
with two layers of 4-mil plastic to protect the 
earth from the chemicals in the preservatives 
and to counteract moisture. 

De v Alth doubled-glazed with glass panes 
salvaged from an bid commercial greenhouse. 
He insulated with 2 inches of Styrofoam. Simi- 
larly, he constructed interior shutters of Styro- 
foam, strengthened with like pieces of Aspenite. 
He reports that this method of shuttering was 
unsatisfactory (small pieces of Styrofoam fell 
onto the plant beds) and intends to replace it 
with two layers of plastic on the inside of the 
glazing 9 

•Clearly, there are few, if any, locations in 
North America where ! an attached greenhouse 
could .not be built. In fact, in diverse regions 
of the country significant work has been done in 
an attempt to make the attached greenhouse part 
of the ecosystem of the house. A few of these 
examples, including ones from California , and 




Photo 9-15: Attached-pit veil! system. 

Prince Fdwind Island, arc featured in the accom- 
panying photographs and illustrations. 

The solar greenhouse in Occidental, Cali- 
fornia, built by Peter Hennesy and Gregory 
Bowen, is an ambitious and aesthetically pleasing 
attempt to integrate the structure with the house 
proper. With some help from the stove'in the 
sauna, the owner hopes to be .able to grow 
tropical fruit in the greenhouse. 

Hennesy describes the microclimate wh°ich in- 
fluenced his design as "windy, rainy, cold, foggy, 
occasionally all at once. It tends to be foggier in 
the summer than in the winter, so summer days 
can . be cool and overcast with a lot of bright, 
sunny winter days. 

The 10 x 1 6-foot greenhouse, which was built 
on an existing foundation, is double-glazed' with 
4 ounces of Filon with a 5 1 / {>-inch air space 
between. All openings (two doors and two 
vents ) are weather-stripped with neoprene. The 
doors and lower vents are insulated with 1% 
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Photo 9-16: Atlached-pil greenhouse. Lanclenbing, Pennsylvania..- 



inches of urethane foam and the growing bed is 
insulated with 3-inch foam. The greenhouse 
interior is' sheathed in ^-inch interior plywood,' 
painted white. Under the exterior sheathing, 
the greenhouse is wrapped in 6-mil polyethylene 
vapor barrier to prevent infiltration. 

The passive storage consists of 10 clear fiber- 
glass tubes along the west wall. There is a 120- 
gallon, hot-water storage tank on the north wall 
which has a flap at the top of its insulated cover 
to let warm air circulate up and around the tank. 
Whenever the sauna stove is fired, hot water will 
thermosyphoh into the tank. The stove will 
provide heat for the house and additional heat 




THE ATTACHED GREENHOUSE 



195 




Photo 9-18: Attached-pit greenhouse. Clementsrale, Nova Scotia. 



■Existing 
Foundation 




Existing 
Foundation 



Cellar 
Entrance 



Figure 9-12: Interior working plat forms. 



for the greenhouse. There are plans to place a 
hot tub in the greenhouse which will serve a 
number of purposes, A person will be able to 
take a sauna, and the next night, use the water 
for a hot tub. The water is then allowed to cool, 
thus warming the greenhouse space. Then some 
of the water will be used to water the plants; the 
rest will be recycled. 

David Kruschke and Karen Funk of Wild 
Rose, Wisconsin, have gone a step farther with 
the attached-greenhouse design by making it an 
intricate part of the biosphere of their home. In 
a sense, they live in the greenhouse which they 
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Photo 9-19: Prince Ed ward Island Ark. New Alchemy Institute. 

* 




Photo 9-20: Interior of .Ark. 



consider "not the 'ideal home' but as a vehicle 
for personal growth." 

-They report that "our interior climate, which 
is typically both warm and moist, is moderated 
"by-mr insulated cement floor, the Sheetrock on 
the walls, and out-insulated masses of earth and 
rock that serve as growing areas. We have 275 
square feet of growing_area. Our lower growing 
area is a long, insulated pit that has 16-8 square 
feet. This is at ground level next to the glazing 
and has a mass weighing 39,900 pounds. Next 
to this growing area, we have an elevated space 
(which is really a large planter). Here, rocks 
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Kioto 9-21: 


Integrated -gree< 


^house. Occidental, California. 
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Comparison of High and Lou; Temperatures jot- 
Attached Solar Greeiihonse in Northern New Mexico 
Altitude: 6,900 Veet 








Average 
Inside High 
Temp. 


Average 

Outside Average 
High Temp. Difference 


Average 
Inside 
Low Temp. 


Average 
Outside 
Low Temp. 


Average 
Difference 


L/21--31/77 

2/1-28/77 
3/1-12/77 


82°'F. 

90 

90 


3S°F. 44°F. 
45 45 
4 1 49 


38 °F. 

42 
41 


13°F. 

17 
17 


— ■I. i „ ft 

25°F. 

25 
24 
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_and w et earth. are contained on fo u r sid es by _sol id 

cement-block walls. The south faces of the walls 
are painted flat black to increase solar absorption. 
The upper growing area has plants, stores solar 
Jigat, and "conducts some heat to the cement floor 
and the lower growing pit. . The cement floor 
weighs 18,900 pounds and the --Sheetrock panel- 
ing on the walls and ceiling weighs 6,300 

pounds. Our total cement, earth,- and- rock mass 

weighs 91,600 pounds. It is this mass that stores 
extra solar heat, that otherwise would have to be 
ventilated out in' order to maintain comfortable 

"'^daytime temperatures." 
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Attached -Greenhouse — as — a 

Heat Source 

David Kruschke and Karen Funk estimate nearly 
60 percent of their heat requirements is provided 
by the solar greenhouse — which is a substantial 
contribution. And the following temperature 
data provided by David and Ann McDaniels of 
El Rito, New Mexico, confirms thai -an attached 
greenhouse is a significant heat source. 

During the 51 -day period from January 21, 
1977, to March 12, 1977, Hie following tem- 
perature data was recorded: 



Existing \ 
House ( 




Existing 
House 



\ Existing Foundation 

Figure 9-13 : \ V'loor plcin mid south-view of integrated greenhouse'. 
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Photp 9-22: Integrated greenhouse. Wild Rose. Wisconsin. 



■' Unl orlunatery, they didn't begin recording 
the high and low temperatures until the coldest 
part of the winter had passed (mid-December to 
mid-January). Nonetheless, the above data in- 
dicates that you can get a truly impressive amount 
of winter heat- from an attached solar green- 
house. 



The temperature extremes were as follow' 



s : 



Lowestrousidc 
temperature: 



4°F., January 26, 1977 



Lowest inside 
■ temperature: 
Highest outside 

temperature; 
Highest inside 

temperature: 



33°F., January 26, 1977 
5H February 17, 1977 



109°F., March 12, 1977 



The reason for the high inside temperature 
on March- 12 was due to the fact that the 
McDaniels were away on that date, and didn't 
ventilate the greenhouse. They report that the 
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Living Area 



Planter — 



Planter 



Lower Growing Area 



' Glazing 
Figure 9-14: Floor plan . 
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greenhouse provides most of the houseTi? 
ing a sunny winter day\ The McDaniels burn 
wood at night, using a cord or less during the 
- winter heating season. Since the door between 
the home and the greenhouse is kept closed at 
night, the 33 °F. low temperature shown above 
applies only to the greenhouse. " — 

To add further weight to the argument that 



Jejjigned^ and pro| 
greenhousewit 
where. 



y maintained attached .. 
effectively almost any- ., 



Food Production in an 
Attached Greenhouse — 



— an at t ached greenhouse i s probably th e m ost- 
cost-effeqtive, solar-heating system available 
today, the responses to a questionnaire I sent to 
people in New Mexico, Arizona, and California, 
are quite illuminating. I asked, "If you have an 
attached greenhouse, can you estimate how much 
heat it provides for your house?" The following 
are typical responses: 



In spite of its thermal efficiency,"the rahon d'etre 
of an attached g reenhouse is i ts pot ential for 



"I can't really tell, but it is appreciable." 
"It dropped my heat bill considerably. 

" '"Heat's iip house pretiy g66d! v ' 
"I would say well over 50 percent." , 

' "I save 6 $400 a year on propane." 
"Greenhouse handles 80 percent ~of house- 
heating load." 

The most enthusiastic answer was: "After 

: .. _ e . . . . 

pine, months of living with this greenhouse 

• we. have, come .to. die.cpnclusjqn_ that it should 

be mandatory for every family to have a 
greenhouse (attached to their dwelling)." ' 

" Perhaps no one individual has worked harder 
~co promote attached greenhouses than Btu^ancfa" 
of Santa Fe, New Mexico. Several years ago, 
Yarida received, a small grant to build 11 
attached greenhouses onto the homes of low- and 
middle-income residents throughout the state of 
New Mexico; This idea was to pec just how 
effectively " they would perform over a wide 
range of altitudes, climates, and growing seasons. 
The answer, of course, was, that an efficiently 



food production. . - 

If we all lived at the equator, with its year- 
round growing season, forcing structures such as 
cold frames and greenhouses would be unneces- 
sary. Here in New Mexico (and in many othe/ 
parts of the country), however, at an altitude^f 
7,000 feet, with less than 12 inches of artnual 
rainfall, and a growing season of only 90 days, 
a greenhouse is almost a necessity for anyone 
who strives to be independent of the super- 
markets f or* their fresh vegetables: We've' found 
that our effective greenhouse growing season is 
approximately 21 days before the vernal equinox 
to. -71 days afte r the autumnal equinox — or 



harvest during the rest of the year. 
' To gather the experience of other South- 



roughly eight months. .Recent work with highly 
experimental hydroponic window boxes in our 
home indicate that a year-round growing season 
for certain vegetables may be practical. We'll, 
have to go through at least one more winter- 
period to know for sure. Under ordinary cir- 
cumstances, however, plant growth during^ the 
wintertime, in most sections of the country, will 
not resulrm eiiOugh'-^dibiei:isstie^-ittS*if-y--the~ 
effort or expense. You caa keep '"your tomato 
plants . alive over the winter period, and you 
may harvest a salad or two from your lettuce 
plants, but food-production levels during the 
period of October 21 to February 2 1 will prob- 
ably be but a pitiful fraction of what y ou'll 
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western greenhouses owners, I sent out question- 
naires to 27 different people jo New Mexico, 
Arizona, and California. While the results of 
such a small sampling are probably not statis- 
' tically valid (only 17 people returned the form) , 
— -and the wo rx liug uf the questions could haw 
been better, the answers reflected a great deal of 
agreement on certain important points. Of the 
— 1-7 replies to-the quest-ton :-, '-'ApproximateiyTvhat 
percentage of your family's late-fall, early- 
spring food* do you raise in your greenhouse?" 
only , two people estimated their yield at 2 V 3 
percent, arid nine respondents estimated yields 
of less .than 2 5 percent. Five replies either didn't 
answer the question, or stated that their green- 
house hadn't been in operation long enough, to 
give a figure. ■ 

Whil'e' one occasionally runs across over- 
, . ,, enthusiastic claims for' total food self-sufficiency 
from Ql60-square-foot greenhouses, a brief 
^ perusal of the responsible literature will quickly 
one's ' expectations in line with reality. 
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record ) because we were too lazy to buy a 
^lgli-icm' -lhErmometer ) . I am 1 always 
amazed, though, at the germination period 

of three days for most seeds (including 

sunflowers), and that the growth rate is 

excellent in the~dead of^ winter ... to- 

o _ ^ _ _ ^ . _ _ 

wards spring, as the an^le (of the sun) 
changes, the plants tend to 'freak out'. 




Fred Lape, in the February 1977 issue of 
Organic Gardening and Farming®, states that: 

• '■' ■ •/ o 

Most plant life goes quiescent below 50 
degrees, and this means that although plants 

may stay in the ' suhpit without freezing, , 

. they will neither grow nor open their 
■ flowers until the February sun sends the 
temperature inside soaring. 

„ After telling you that deep-winter greenhouse 
growing isn't wortfi the- effort, I'm going to give 
you the experience of Bob Muson, a California 

greenhouse builder, who states in a letter 
appended to his questionnaire: 



Unfortunately, I couldn't answer ques- 
tion number 13 (relating to temperature 

\ 



t-tuce— begins to -feelt,- -feonrato- vmes— grow — 
td^ enormous lengths. Cucumber plants 
gr^w into the house area (Bob's green- 
house is attached to his dwelling), pro- 
ducing about seven cukes a day per plant. 
As summer hits and the sun swings directly 
overhead, no direct sunlight goes into the 
greenhouse and the plants calm down again. 
But all in all, plant growth is best in winter- 
time. Salads are leafy and tender and will 
hqfc'go \to' seed— producing huge leaves. I 
can just^ell they enjoy that particular winter 
angle of, the sun. Abound spring they act 
as if the sun is too hot. 

I also find that growing plants inside is a 

different ball game from an outside garden. 
* We planted vine tomatoes first and that^ 
turned out to be a mistake. The vines got 
wr^st thick and overproduced leaves. I 
finally had to pull-the monsters out, before, 
they took everything over. And the cucum- 
bers went haywire — crawling out all over 
the floor. I coaxed them via pieces of string 
to grow along the tbo( beams. The pepper 
family was slow to start but, once up, they 
"grew rapidly- and the daily harvest was more " 
than we could keep 1 up with — -excellent 
indoor plant. -- 
All of the plants | rew- differently indoors 
than 1 have kgown therii to .grow outdoors\ 
It's as if everything vas prehistoric in size! J 
They raced up towar< Is the glass and pressed 

.1 1 
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their leaves^ against it). Thick- stejp^ove.r- 
abundant leaves — but delicate-tastiflg'm 
Good root vegetables also, and very abun- 
dant. / ' 
The double -i nsulated glass, it s eems, is 
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decide how best to integrate them with the re- 
quirements of his own situation. In a sense, no 
two' greenhouses are exactly alike, for even 
though similar in design, : each «will mirror the 
personality of" its owner. I have seen green - 



the-,secret. He^t loss in the evening is- very 
slow. The house wilt retain comfortable 
heat for at least two hours after the N 



— (winter) sun has set. Mornings are cold \~ 
inside, but i nothing compared to the blast 
of cold air when one walks outside. . . . 

While^Bob's growing experience seems to con- 
tradict 'that of other greenhouse vegetable 
gardener^ I'd be the last person to suggest that 
we dismiss it as either a fluke or an exaggeration. 
Too.mucjh_of my own experience * seems _:to 
, directly.. .contradict . . the - pronouncements of the ■<_ 
so-called experts and, while the winter growing 
season in my greenhouse has not resulted in 
yields like Bob's, I have managed to get excellent 
late-winter production from the experimental 
hydroponic windowboxes I mentioned earlier. A 
great deal .of research remains to be done in this 
area, so don't rule out the possibility of good 
winter production from your solar greenhouse 
Until you've experimented wit;h winter growing 
for a few 'seasons. (This subfect is treated^ in 

** jj 

much greater detail hi Chapters Twelve, 
Thirteen,* and Fourteen. ) ^ i i 

We could continue with other examplejs, but 
by now I think that the basic concepts of 
attached-greenhouse design and operation 1 have 
been covered sufficiently to enable the reader to 



houses which were used primarily as solar collec- 
tors, with hardly any plants at all, and I've seen 
others which were practically crawling with vege- 

tation-^where cucumber vines grew~T5etween • 

"four and six inches per day, and their owners 
Vere only half joking when they said they were • 
afraid that the plants would soon take over the 
house. It sounds trite, but it's true— what you 
get out of one of these structures will be directly # 
proportional to what you put into it. 

It is extremely difficult to give meaningful cost 
.figures for greenhouse construction, since^the 
■^cost of materials ^varies from placenta : pl ace; and" ™ 
in any case, would be modified by inflation be- 
tween the time this is written and^ the time you 
read it. One figure given for attached green- 
houses states that you should be able to build one- 
for about $2.50 per square foot.\ Even this 
figure is elastic, however, since a good, scavenger 
can often come up with enough free building 
materials to construct his greenhouse for little 
more than the cost of his time. 

I am thoroughly convinced of one thing, how- 
ever, and that is that the average attached green- 
house as described in these pages, will pay for 
itself very quiqkly in the food and heat it pro- 
duces, not to mention in the satisfaction that 
you'll' receive in having such a delightful addi- 
tion to your life. \ 



Chapter Ten 

The Pit Greenhouse 

James B. DeKorne 



One the simplest forms of a solar season- 
extender is the pit greenhouse, which has a long 
and fruitful history in this country.. In fact, one 
of the country's firsKpit greenhouses, built in 
Waltham, Massachusetts,Sq the early 1880s, is" 
still. in existence. V 

„T.he, .rationale' for • a pit greennouse is very ' 

simple: a few inches below the frost line, the 
earth maintains a constant year-round tempera- 
ture of about 50°F. If you put your greenhouse 
underground, you can take advantage of the 
insulating properties of the earth. It makes good 
sense : if the nighttime pit greenhouse tempera- 
ture in e"arly spring drops to 4()°F. (unless well 
insulated, mutliof the previous day's gain will 
be lost-through the glazing), it still will only 
have to gain 20° to reach the 60° optimum for 
our cool-season crops. An uninsulated, unheated 
freestanding greenhouse would probably drop to 
30° or lower under the same circumstances, so 
the earth insulation of the pit greenhouse offers 
a definite advantage. (I am figuring an outside 
temperature of about 20^F. — my unheated pit 
greenhouse consistently maintains a nighttime, 
temperature at least 20° warmer than the out-' 
side temperature. Thus, if the outside thermom- 
eter drops to 30 °F. at nighty the -greenhouse will 
normally stay at 50°F. during the same period.) 
I first became interested in greenhouses in 



general/ and pit greenhouses in particular, when 
I read about the Lama Foundation's Growhole in 
The Last Whole Earth Catalog. Built around 
1969 or 1970, the Lama Growhole was an ex- 
perimental attempt to see if vegetables could be 
grown in wintertime at an elevation of 8,600 
feet: "' ' 



Construction of a Pit 
Greenhouse 

'Strongly influenced by the Lama prototype, I 
began construction of a pit greenhouse in the late 
summer of 1973. Lama's greenhouse is built 
into the side of a south-facing slope, but since 
I had -no such feature on my property, I was 
obliged to improvise my own pit-greenhouse 
design. I started by hiring a backhoe to dig a 
12-foot x 24 -foot-hole, 'In the ground. The back- 
hoe operator was instructed to pile most of the 
dirt from the hole on the north side — this was to 
make it easier for us to later berm the insulating 
dirt against the north wall of the greenhouse. 

After the backhoe was finished, our next step 
was to pour a 12-inch-wide cement footing all 
around the inside perimeter of the hole. The 
fooling served as the foundation for the 'con- 
crete-block walls which we raised to a height of 
8 feet on the north side and 4 feet on the" south. 
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PKoto 10-1: Oldest Lyman greenhouse (exterior). Courtesy of the Society for the Preservation of New 
England Antiq'iiities. 



Because I was afraid that the pressure of the 
earth might cause mortared walls to collapse, we 
filled every other hole in the blocks with con- 
crete. The blocks themselves were laid up with- 
out mortar, relying on the poured-concrete 
"columns" to hold them in place. To add further 
strength, reinforcing rods were placed down the 
block holes about every four feet. The proce- 
dure we used during the construction was to lay 
up two tiers of blocks, pour the concrete down 
every other hole (tamping thoroughly to elim- 
inate air pockets), wait a few hours for the 
cement to. set, then lay two more tiers. The 




\ 

\ 




Photo 10-2: The original Lamp Growhole. Alb/i- 
(jiievcfHe, New Mexico. 



206 



THE SOLAR GREENHOUSE BOOK 




Photo 10-3: 1 he Grouhole as il looks today. 



reinforcing rods in the north wall were spliced 
together in two 4-foot lengths as the rows of 
blocks went up. (An 8-foot length of "rebar" 
would have been very difficult to worth with.)" 
We don't feel that the splices weaken the wall in 
any way because the concrete holds it all firmly 
in place. Tightly wrapped baling wire holds the 
lengths of "rebar" together, with an overlap of 
about 18 inches. 

This method of cement-block construction is 
very easy for the nonprofessional builder to 
master. Working leisurely in tlie described 
manner, another man and I raised the greenhouse 



walls in three days. When the last tier of blocks 
was laid, we insetted 6-inch-long, % -inch- 
diameter bolts half their length into the wet 
cement every 4 feet or so. These, of course, 
were to provide tie-downs for the 2x8 wooden 
plates to which the rafters and other structural 
members are nailed. 

The main roof beam consists of a 25-foot 
.length of p'ine^ log which was obtained from 
the nearby national forest. Notched with a chain 
saw on either end and spiked in place, the log 
rests firmly on the wooden plates of the east and 
west walls. Three-inch pine poles, spaced every 
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Photo 10-4: Interior of Growhole, 




Photo 10-5: Excavation for DeKorne pit 

greenhouse. El' Rito,, New Mexico. 

6 feet, _ serve as vertical rafters, and lengths of 
1 x 4 roughsawn lumber, spaced at 4-foot hori- 
zontal intervals, provide" nailing strip's ' for 'the 
three rolls of 4-foot-by-25-foot fiberglass glazing 



material. (Note: Where I live, a rursll area with 
a 400-year tradition of owner-built structures, the 
building inspector makes a definite distinction 
between dwellings and "outbuildings" which are 
used in conjunction with. a farm or ranch. Codes 
for these latter aren't nearly, so strict as for a 
domicile. For people worried about the - 6-foot 
spacing of my rafters, let me state that they have 
withheld wet snow loads as deep 'as 18 inches 
without a hint of structural failure.) 

A common and very effective method' of stor- 
ing heat in a solar greenhouse is the use of black 
5 5-gallon drums filled with water and placed in 
strategic locations — generally along the north 
wall. When building my greenhouse I reasoned 
that, since the 20° roof angle left very little room 
on the south wall for. growing space anyway, I 
could effectively wall-off a 4-foot -section running 
the length of the building, plaster it over, and 
use the space aV.both a heat-storing water tank 
and ar place to raise edible fish. As it turned 
out, wooden flats were, placed across the top of 
the water tank to provjde extra space for starting 
seedlings in the springtime, so I didn't really lose 
any growing space after all. Instead of cluttering 
up valuable space with 55-gallon drums, this 
feature provides all of the heat-gaining benefits 
of. water storage as well as space to carry out 
some experiments with aquaculture. An added 
detail is a wind-electric system outside the green- 
house which provides power to pump 4he_water 
through a small solar panel, thus providing 
.-further heat (see Photo 10-8). .The result of 
these and other experiments are discussed in The 
Survival Greenhouse. 

The main problem encountered in this method 
of water storage had more to do with my lack of 
building experience than with any, real flaw in 
the ''concept itself. Even after plastering the 
cement-block tank with a fiberglass stucco, then 
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Photo 10-10: Interior. Onions, lettuce, and 
climbing peas. 



several coatings of 'hot tar, it was a continually 
frustrating task to find and plug all of the leaks 
which developed. A much more effective water 
tank would be constructed, entirely of poured 
concrete. 

An important consideration in pit-greenhouse 
construction which l^have never had to confront 
(aside from the leaking fish tank) is that of 
drainage. Flooding and high water tables are 
just not a problem where I live, but in some 
parts of the country they could make pit green- 
houses totally unfeasible. 

Thermal Efficiency 

Another error I made in the construction of this 
pit. greenhouse was in not insulating the outside 
face of the block wall from the surrounding 
earth'. This could have easily been accomplished 
by placing pumice, or even Styrofoam panels, in 
the space between the wall and the edge of the 
hole before the loose dirt was replaced. Insula- 
tion like this would be particularly important 
around the water-tank\ portion of the wall, since 
a large percentage of the heat in the water is un- 
doubtedly conducted through the wall and into 
the cooler earth which surrounds.it. 

In addition to the thermal advantage gained 
by putting the greenhouse underground and 
using the heat-storing capacity of water, there is 
another very important, principle for trapping 
solar heat; that is, the concept of double-glazing. 
While the accompanying chart showing the 
percentage of 'transmission of solar energy 
through fiberglass panels indicates that sub-' 
stantially more energy can penetrate a single 
layer, the information is misleading because 
much of the heat portion of that energy can also 
be dissipated through the single layer after sun- 
set. In other words, the slightly less efficient 
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Percentage Transmittance at Solar Noon 
through Fiberglass Panels Tilted at an 
' Angle of Latitude Plus 3 5 



Double Layer Simple Layer 



June 21 
March /Sept. 2' 
December 2 1 
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l\ ( 't 
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Box 10-1: Pi' i' i tillage 'Pi aiju/titlaiuc at Solrtr Noon 
Through Viber glass Panels Tilted at ifn Angle <if ,Lali- 
tude Plus 9.5°. 

C 

transmittance of a double layer of glazing ma- 
terial is' more than compensated for by its 
efficiency in retaining heat. <* 

To avoid the higher expense of two layers of 
glass or fiberglass, most s6lar greenhouse owners 
use cheaper plastic sheeting for the inside sur- 
face.' One brand which has been highly recom- 
mended is Monsanto 602,- a plastic designed 
specifically for greenhouse use. This material is 
resistant to the destructive ultraviolet wave- 



lengths of the solar s 
yellow or become 



spectrum,' and will not turn 
prittle as rapidly as the 
ordinary type of plaitic sheeting.--The effective 
life fftr this material is estimated to be from 
three to' five years. 

It is Important that the space between the 
inner and.quter layers not be too large, since heat 
loss can ogcur-<-by air 5 convection, between the 
layers if the gap is wide enough to permit it. I 
have seen double-glazed greenhouses with in- 
sulating air gaps as wide as 4 inches, though most 
authorities state that a 1 -inch gap would be more- 
efficient. 

One of the interesting features of the original 
Lama Growhole was that it was triple-glazed — 
the middle layer consisting of- Aircap D-l 20- — 
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Phpto 10-11: Oldest Lynfan greenhouse . (in- l{ . 

terioj-).\ Courtesy of t hectic iety for 
* the Presentation of New England 

Antiquities. 

the plastic bubble sheeting commonly used, as 
packing material for fragile merchandise. In 

, theory, this, interior layer of plastic bubbles 
should have provided tremendous insulating 
value, but in practice, I suspect that its index of 
transmittance, in conjunction with the two other 
layers of ordinary 1 plastic, was too low for 
efficient crop' production. 

With any type^of solar greenhouse it is im- 

^ portant to consider a night curtain or shutter as 
an important design feature, since such an addi- 

- tiori 'could cut, nighttime heat loss by half 
( various" Insulating "shutters are discussed in 
Chapter Three) . , 

Equally important for a pit green-house is the 
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Photo 10-12: Ventilators. 




\Photo 10-13: Taylor-Gregg pit greeiih 



onse. 



use of a'si^plcmentary-heating system. A wood- 
burning heating system makes considerable 
sense. Modern th^HnostaticaJly controlled wood ; 
stoves like the Ashley and Riteway, will keep a 
greenhouse warm through^th*e-<oldest nights on 
a very small amount of fuel. \. 

The original Waltham, Massachusetfes^pit 
greenhouse made use' of an ingenious heatings 
system which insured that the /soil temperature 
in the greenhouse was always 'adequate for the 
plants under cultivation. As I understand it, the 
plants grew in a' raised bed which had a chim- 



-Vi," 

ney flue running beneath it for its entire length. 
A firebox at one end of the flue was' stoked with 
enough wood to last' the night, thus maintaining 
enough heat in the greenhouse soil' to raise 
'tropical and semitropical plants through the cold 
Massachusetts winters. Reportedly,' they even 

-...grew bananas in this fashion!) Obviously, these 
greenhouse gardeners of over a century ago were 
rhaking use of the fact that high soil tempera- 
tures can compensate for low air temperatures. 

Up to this point we have discussed the solar 
greenhouse in terms of its ability to- admit and 
retain sc?Tar energy. During the cool-weather 
growing season this is particularly important, but 
on sunny days, even in'the wintertime, the tern- 
peratures can get much -hotter than we want them 

■ to. Obviously, our solar greenhouse must have a 
means of spilling this excess heat elsewhere, and 
it is for this reason that a ventilation system is 
mandatory. 

It is a basic principle of physics that cool air 
sinks and warm air rises. We make use of this 
principle in solar-greenhouse design by providing 
a low vent from outside to admit cool air into 
the greenhouse, and a high vent from inside 
which expels the warm /air out of the green- 
house. On a warm day, both vents are kept open, 
thus providing a continuous circulation of air. 
(Along with it, I mightj add, a fresh Supply of 
carbon dioxide which is yital to the plants.) 

For my pit greenhouse I have four 1 -foot-by - 
6-foot ventilators placed along the top of the 
north wall to provide ah exit for warm -1 air. For 
the entrance of cool air, I ' just leave the door 
open. This system has; always worked well for 
me, except on a few days each summer when the 
greenhouse temperature gets higher than I'd like, 
even with vents orjen' As' I have noted else- 
where, howeveiL^I've jnever lost any plants to 
these high iemperatures^ A greenhouse shading 
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system for hot days would go a long way toward 
■solving the problem. 

While doing research for The S/in ii al Green- 
house, I came across a most interesting book 
which was first published hack in the forties. 
Entitled Winter Vlow.ers in G^reenhon se and '-S un- 
healed Pit, this book describes the pit-greenhouse 
experiences of the 'aut hors, Kalhryn Taylor and 
Edith Gregg. I consider it (o be a definitive 
work on pit greenhouses, and I' surely would 
have^iodified my own design had I known of 
this book's existence at the time of construction. 
Photo 10-1 3 shows the configuration of a .typical 
Taylor-Gregg greenhouse. ' 

Pit greenhouses have never gone completely" 

out of style in the February 1977 issue of 

Organic Gardening and luir/t////^'- ^ magazine, 
Fred tape, director of the George Landis 
Arboretum at Espcrance, in central New York, 
' defines what he calls his "sunpit": 




Photo 10-14: Semi-pit greenhouse. New Mexico. 
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Photo 10-15: Interior of semi -ph. 



~ A sunpit is basically nothing more than-..., 
a hole in the ground covered by an inverted 
, V roof, with glass windows on the southern 
side. 

Essentially, Mr. Lape's sunpit is based on the 
same idea as the Taylor-Gregg design. This 
type of pit greenhouse might be called a "walk-in 
cold frame" since its primarly purpose is for the 
propagation of seedlings and cuttings to be trans- 
planted outdoors at a later date. 

Some friends of mine here in New Mexico 
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have constructed what c^n only be called a 
"semi-pit greenhouse." Built, against the exca- 
vated side of a fa'irly gentle slope, the greenhouse 
is insulated by the earth on the north side ( Photo 
4). An "air-lock" vestibule is provided at 
east side .entrance, which is extremely effec- 
in keeping out cold air. The greenhouse 'is 
cauljked airtight everywhere — an often' over- 
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"looked but extremely important method for re- 

■ / 
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taining every last bit of solar heat. It was quite 
difficult to take the interior photograph shown 
here, since every time I entered the' greenhouse 
from the vestibule, the hum'id' 85 °F. air would 
immediately fog my camera lens; out in the 
vestibule, the early Ariril daytime temperature of 
45° quickly cleared it. As you can see by the 
ph otograph, there ar^ enough April salads grow- 
ing in there to feed ,an army. x 



I/' 



. Chapter Eleven 

Solar Cold Frames and Other 
Season Extenders 



Lekndre Poisson 



Although freestanding solar greenhouses, as well' of the larger structures is most "appropriate" for 

as the attached and pit varieties, satisfy the re- year-round gardeners in many sections of the 

cjuirements'of many who wish to significantly' country. 

extend their growing season, the solar cold frame The solar cold frame, which is actually a 

which incorporates many of the essential features solar-efficient hotbed, had its origins centuries 




Figure 1 1-1 : "Solar" forcing frame (from The Glass House, John H/x, Phaidoii, 1974 ). 
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Winter 



Fall and Spring 



Early Summer 




Summer 



Figure 11-2:. Rooftop cold fra/z/es. Unirersity Settlement Coinnuinily Centre, Montreal, Canada. 



ago. In, The Glass House John , Hix reports 
that "By the . beginning of the eighteenth^ 
century, the 'Dutch had already developed 
forcing frames with sloped glass roof,-producing 
oranges, pineapples and grapes. The slope-front 
forcing frame was engineered to control the 
environment. The back wall was always massive 
masonry -thrft would absorb the sun's rays -arid 
retain the warmth into the night. Within the 
back wall lor' under the floor, heat and smoke 
from the furnace wound its way in a circuitous 
flue discharging at the top of the wall. 

"The front south wall was constructed en- 
tirely of glass set in wooden frame,, with hinges 
on" the sides or the top. The frames were large 
enough to allow plants to be removed and re- 
placed. The windows were often left open in 
the summer for maximum ventilation and the 
sup, but in the winter they were sealed against 
draughts and only opened to the air on a warm 
winter's day. Oil paper in frames was "often fixed 

v ujider the windows to ..act as double-glazing 
against the cold. One house shows a simple sys- 

r^^,.-of seVeTal canvas curtains in front of the 
windows, ensuring three layers of winter cloth- 
ing against the cold-, Another mechanized frame 
had a series of wood shutters hinged at the top to 
be let. down by pulleys and ropes at the back 



wall. This allowed the gardener to expose the 
glass on a sunny winter's day. There was also a 
sliding-wopd panel -perpendicular to the house 
that protected the whole device from the cold 
•prevailing wands; but the panel could also be 
pushed back K>r ventilation, an early use of 
mechanized micro-climate." 

From a historical perspective, the solar cold 
frame can be considered a versatile, efficient 
structure with applications in numerous situ- 
ations where larger greenhouses are inappro- 
priate or not desired. And, interestingly, there 
is renewed, interest in this design? For example;- 
10 solar cold frames have been built on the roof- 
tops at the University Settlement Community 
Centre in the Saint Louis district of Montreal, 
under the direction of Susan Alward, Ron 
Alward, and Witold Rybczynski, and in con- 
junction with McGill University. 

Each structure has a south orientation, an 
opaque and insulated north-reflecting wall, re- 
movable glazing, and rear access for cultivation. 
The project coordinators report that "The north-/ 
sloping roof of each was insulated with a sand- 
wich panel containing 2 -inch-thick polystyrene 
insulation. East and west wall sections as well as 
ajl sides and floors 'or the soil boxes are similarly 
insulated* All interior exposed surfaces are cov- 
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ered with a glossy white paint in order to reflect 
incident solar radiation onto the plant canopy 
and soil. The roof frames are removable so that 
during late spring, summer, and early ' fall 
months, the beds can be converted to open-air 
gardens." 

An interesting feature of the Montreal rooftop 
experiment is that "Three o£ the larger units 
have been fitted jwith a heating system, which 
uses waste heat, normally escaping up the chim- 
ney. In this system, a§heat exchanger is placed 
at the point where the hat" gases first 5 enter the 
vertical chimney section. A circulating glycol 



solution is heated by the rising gases and pumped 
up to the roof where it is fed in parallel into the 
three hotbeds. In each structure, the. glycol solu- 
tion passes in succession through aJinned air- 
heat exchanger, a heating coil imbedded 25 
centimeters deep in the soil, and a second finned 
air-heflt exchanger. No storage of hot glyc'oL 
solution is used; however, -considerable heat 
storage is inherent in the system in the 'form of 
the heated soil. The glycol is used as a working 
fluid instead of water in order to eliminate the 
danger of freezing in the transfer pipes." 
*The Montreal rooftop experiences indicate 




Solar Cold- Frame . 



Figure 11-3: Rooftop uuiste-heat distribution, system. 
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Figure 11-4: Casket detail. ' 
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that solar cold frames are • adaptable structures, 
•perlwps with particular significance to urban 
areas or to other situations where small solar 
structures are called for. 

At Solar Survival in New Hampshire, we have 
developed solar cold-frame devices which will 
permit year-round growing even in very harsh 
climates. The first device, called a solar pod, is a 
marked improvement over the traditional cold 
frame. The pod is double-glazed and, because 
of its domed shape, allows more light to enter. 
The original practitioners of the French-intensive 
method of gardening used straw mats over the 1 
glass to help insulate the plant beds. However, 
double-glazing serves as a more effective thermal 
barrier. 

If desired, transparent fiberglass insulation 
can be placed between the two glazings. To 
accomplish this, you must enlarge the space be- 
tween the glazings from % inch to 2% inches 
(see "Construction of the Solar Pod"). This 



insulation will more than triple the insulating / 
value of the pod. / 

Proper gasketing of the pod is essential to its / 
thermal performance. We used discarded/ 
urethane-foam carpeting pad, gleaned from y 
carpet supply store, which is fastened to the edg0 
of the bed wall (see Figure 11-4). 

As a passive solar-heated device, the pod/s 
effectiveness can be increased with the addition 

Double-Glazing 

H 

Foil 



•Bed /Board 
Side 




Pit Depth 
-i" to 8" 



Wl" /Rigid 



Styrofoan/i Board 

/ 

• / 

Figure 11-5: Recessed drum and ins/datioii. 
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of^ extra thermal mass, ' A^hich can be accom- 
plished by -adding a 30-gallon drum ^yithin the 
pod. The drum should be painted with flat black 
high-temperature paint. In -effect, this majces the 
drum the solar collector as well as storage. For a 
storage medium we recornmend used crankcase 
oil. While it won't store as much heat its 'water, 
crankcase oiTdyes riot .present a freezing problem 
and it won't corrode ,£he dVunv Arid another 
important advantage |s the thernTal lag factor; 
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the Oil will give off heat at a slower' rate than' 
water. On the other hand, if you choose to use 
water, make sure that you add sufficient anti- 
freeze to prevent freeze-^ps. If you want to 
extend the life of the c^ntajrier,' you should 
include an anticorrosive additive. 

The 'drum should be fillei^to l\A inches from' 
the top to allow for expansion. It is advisable 
to use pipe-joint compounds on the bungs to 
make sure they don't leak. The drum is recessed 
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Screw Holes for 
End Pieces 



Screw Holes for Spacers 




Side Rail 



- Weld 
Detail — End and Side Rail 



Figure 11-7: Welded frame-detail: 

into the ground for the following reasons. First, 
this procedure allo^for more clearance between 
it and the inside of the pod so that the cold and 
warm air within the pod can "convect" more 
easily. Secondly, it allows for the coldest air to 
drop into a ; pit to be reheated rather than having 
it sit at the feet of the plants and taking heat 
from them. '* 

To, minimize heat loss to the ground, we^n- 
stalled rigid foam (1%-inch Styrofoam board). 
To reflect more sunlight into the drum, the inside 
of the north end c|f the pod is coveced with alu- 
minum foil, the sl^iny side toward the drum. A 
piece of glazing plastic protects the foil. 

'< 

Construction! of the Solar Pod 

The size onour p&d was determined by the -size 
of our beds, so dqh't hesitate to modify the con- 
cept. What is presented will hopefully serve as a 
guide*. 

The dimensions that we utilize in our French- 
intensive beds are\ 4 feet for the width of the 



bed and 2 feet between beds. We find . these . 
dimensions suit most people.' The beds are 50 
■ feet long and run on a north-south axis for 
(maximum solar exposure. Like the original 
French-intensive appliances, our pods are inter- 
changeable and can be utilized on all parts of the 
garden. The length of the pod Was determined 
by the finished weight of the unit, and how 
manageable it was for two people t6 handle. We 
concluded that 6 feet to 8 feet are manageable 
sizes. The pod illustrated here (Figure 11-j6) is 
6 feet, 6 inches (the dimensions of bed frames 
found at the dump) . 

The side and end angles of the- frame are 
welded together (Figure 11-7). The end-curve : 
profile is determined by the width of the bed 
and the fact that the fiberglass sheet comes An 
5-foot widths. If you need a wider span then "■ 
you will have to make provisions for -bringing 
two pieces of glazing together. 

The end pieces of the pod are made of %-inch 
plywood and are painted to protect them from 
the weather. The hinged vent flap is 10 inches 
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Photo 11-2:. Pod beds. 




Photo 11-3: Gasket and frame detail . 
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Photo 11-4: Pod vent open. 

O , 

in diameter. The ends of the metal frames are 
screwed to the plywood. 

Before applying the fiberglass, glazing7~~ffre 
mounting surface should have a small bead of 
caulking laid on it to make sure that the layers 
are well sealed. We used sheet-metal screws to 
fasten the glazing to the metal strip as well as 
on the wood sections. 

The solar pod is an appropriate-technology 
device that will give you a net payback for many 
years if properly maintained. Its low, initial in- 
vestment cost will pay itself back many times in 
fresh vegetables the whole year-round. 

The Solar Frame 

o 

On the same scale as solar pod, we have devel- 
oped a solar cold frame. This is a more elaborate 
and efficient solir device than the pod. It is 
permanently sited and has higher thermal effi- 
ciencies and capabilities. Because of the superior 
thermal performance of the solar frame, it is 
possible to grow plants in it tqat are not as cold- 
hardy as- those in the pod. - (See Chapters 
Thirteen and Fourteen.) ^ 

The solar cold frame is essentially a passive 



SOLAR COLD FRAMES AND OTHER SEASON EXTENDERS 



22 



solar greenhouse that you cannot stand in. The 
size that we developed was determined by the 
dimensions of standard materials (i.e., 4-foot-by- 
8-foot plywood, 5-foot-wide fiberglass). It is 
possible for you, the designer/builder, to 
modify this concept by lengthening irVie solar 
frame or by adapting the "flip shutter" concept 
to a pit greenhouse. Accordingly, you can make 
this pit greenhouse a part of your home, .there- 
fore providing you with the extra benefit of 
supplemental heat. 

A. Configuration 

The first thing we investigated was the ide-aJL. 
profile for the frame. We took the average 
yearly solar angles, for the colder parts of the 
country, and concluded that a face angle of 35° 
from the horizontal provided the solar frame 
with the most direct sunlight into it on a yearly 
basis. On December 2 1 at high noon, the siiin 
casts a 12-inch shadow from the front edee 
and on June 21 the shadow is 12 inches from the 
back' wall. Another advantage of this angle is 
that it provides about 20-percent more growing 
surface area than the surface area of the glazing. 
(See Chapter Two for additional sun-angle in- 
formation.) 

' -i 

Because plants prefer diffused light all around 
them "to grow properly, we painted the interior 
of the frame_^shiny white. Tests have shown 
that white work^smuch better than silver at 
diffusing light. \, 

/ B, The Glazed Shutter 

The most difficult, facet of a\ solar greenhouse is 
/marrying an effective thermal shutter with the 
glazing. With a small solar \ device, it is even » 
more difficult because of exterior access con- 
straints. Also, as with most insulated shutters, 




Photo 11-6: Raised shutter. 
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Figijre 11-8: SoLir frame—bernied. 




the problem of an effective seal within close 
tolerances is almost impossible. Couple these 
two requirements with the need for simplicity 
and low cost and the problem .seems insoluble. 
\ The simplest and most direct way that we 
cohld develop is what we call the' "flip shutter." 
this X device permits the use of effective double- 
glazm L j*\ahd incorporates the shutter and its 
storage within it. In the morning the shutter is 
lifted up (P^ioto 11-5) and the insulation moves 
into the'top'c&vity (Photo 11-6) of open lid. At 



Photo 11-8: Thirty-gallon drunn. 



the end of the^ solar day there is no need to 
reopen the lid^^nd let valuable heat escape. 
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Simply turning the hand valve allows the insula- 
tion to fall into the glazing cavity where it func- - _ 
tions as a thermal barrier overnight or longer. - 
The 35° glazing angle and gravity permit the 
shutter to 'work, satisfactorily. — ■ 

' The top edge of the frame has a 1-inch-thick- 
by-3-inch-wide, urethane-foam gasket, which 
makes for a good seal when the top lid is closed. 



Flip : 
Shutter 



O 



C. Insulating the frame 



In order.. tQ..o.pt]mize Jhe thermal performance of 
the solar frame it is\<fssential that the outside of 
the frame be insulated. The simplest way to do 
this is" to fasten 2 -inch rigid urethane foam onto 
tit ply wood,, then, berm up the sides of the solar 
f :ame with dirt and sod ' (figure 1 1-8 ) . In this 
manner r it is possible to utilize the earth to temper, 
the unit. If the frame is only partially bermed or 
left freestanding, then the outside of the foam 
will have to be sheathed, to protect it from the 
elements. This torn be accomplished - ; with either 
^vood, metal, roofing papet, split shakes, or 
whatever there is aHiand, that do.es the jofc- and 
looks presentable. 

D. Thermal Mass 
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For successful solar-heating performance, it is 
mandatory that the solar frame have sufficient 
thermal mass. This is- accomplished by adding- 
two 3P-gallon drumso inside the unit (Photo 
11-8). ' * ' 

The earth in the frame functions as thermal 
mass as well. Tllie collector or window is 20 feet 1 
squared in areal That affords the frame 3 gallons 
of storage for every square foot of collector? ' 
This is a good ratio- which is enhanced further 
by the mass of the earth. The drums should be — 
recessed into the .ground as was done for the 
solar pod. The drums need not be left in the 



Figure 11-9: Framing pattern. 



pod year-round. After the coldest season they 
can be removed to enlarge the growing area. But<. 
the weight T>f the containers makes removal diffi- j 
cult. And if. you plan to salvage the liquid 
contents, it might take several people to do this. 1 

E. Construction of the Solar Frame ' 

"The construction should start with the frame. 
eYou-will need two sheets of 4 -f oot-by-8 -foot-by ~ 
%-inch exterior plywood. You will ^also heed 
two 2x4x6 studs. */ \ / 

Before amz-^Qf the pieces are cut thjey should be 
laid out on the plywood sheets. Figure 11-9 
suggests a possible layout for most of the major 
solar-frame Components. / A o 

. Figure 11-10 is an assembly plan for wall 
sections. This unit will hold together well if all ■ 
the sections are .screwed and glued' Jpgether^ 
Where the. .Z x 4s come together, they should be 
bolted with 4-inch-hex~-head lag Dolts. If the unit 
has to be removed occasionally, the bolts and 
screws will greatly simplify matters. 

After. the separate panels, are assembled (but 
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Figure 11-10: Assemble plan jar wall sections 



before the total unit is bolted together), the 
panels should be primed "and painted both inside 
and put. ' Dur'ing the final assembly the edges 
should be made airtight, which can be achieved 
by either packing the joints with' insulation or 
caulking them. 

F, .Q Q .r^^^fl«^Sh-5tter 



Fbr fabrication of some of the components for 
».*he ffi| shutter see Figure 11-9. For details of 
the roilnded head of the flip shutter see Figure 
11-11. For 'construction of the framing mem- 



bers of tlie x shutter see Figure 11-12. For assem- 
bling the framing members and the rounded 
head, see Figure -11-13. 

In Figure 11-13, wjien joining piece A to B 
and (^|make sure that they, are at right angles to 
each ether, glue and clamp. H^em together to be 
""certaiti the pieces are aligned. Then screw them 
securely with l 1 /^ -inch. flat-head screws. 

Pieces B-and C should be fastened fo-.D with 
3-inch flat-head screws. The A ends can bd^hjsM 
in place by means of a temporary nailing str' 
laid across all three of the arms while the ends 
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Figure 11-11: Rohild head of flip sh tiller 



are Bering assembled. This will help keep the 
assembly square. 

,-^Next, notch the angle' where A meets B and A 
meets C. This is . done to the depth of- the thick- 
ness of the 2-inch-by-2-ihch-by-5-foot aluminum 
angle. Fasten the metal angle to the three arms. 
Predrill holes through the metal angle and 
recess them. Join the pieces with ;1% -inch flat- 
head" screws. 

The next step is to fabricate and install the 
flap valvei This is trie part that keeps, the insula- 
tion inside the storage compartment while: the 
sun shines through the window (Figure 11-14) . 
The flap valves can be made from heavy-gauge 
sheet, metal, %Mnch tempered Masonitef-^ly- 
w'ood, or Plexiglas. oWe used %\-jnch Plexiglas 
because.there were a few scrap pieces on hand. 
The hinge and lever pieces are made frorri %- 
irrch-diameter electrical tubing. /The slot in the 



lever tube is 2]/» inches long. In the hinge 
pieces it is 1% inches 10flg^_^^ 

The flap valve is located at the topTTDver^the^ 
inside edge of the frame. The holes for the 
lever and the centef hinge are drilled through 
the members. The short-end hinge hole is drilled 
to a' 1-inch depth int|? the side member. It 
does not go all the way, through. The lever and 
hinges are bolted through the flap valves with 
l-jnoh-by-% 2 -inch machine screws. The . flap- 
valve system . should beJ fitted to each cavity so - 
that the unit turns easily. The tolerances need 
not be terribly close to affect . a reasonable seal. 
There sh^ould-be stops to (prevent the. valves from 
turning beyond" the closed point. This can be 
achieved with small blocks of wood, fastened to 
the side members, forward of the valve,, and near 
the bottom. The final $eal of the storage is 
achieved by the frame gasket, pushing against the 
valves when the lid is closed. The gasket is 
fastened to the entire top edge of the frame, and 
should be at least 1 inch thick and 2 inches wide. 
This will assure an effective seal aad prevent heat • 
loss due to air infiltration. 

The final step' in the construction of the flip 
shutter is that of glazing. We glazed ours with 
5 -foot-wide; .OfiO-inch-thiek fiberglass sheet, • A 
12%-inch length is required to glaze the unit. 
The bottom of the panel should be done first and- 
then continuing under and over the storage 
cavity. A small bead of caulking laid on the 
entirafglazing mounting edge will seal the unit 
against air. and moisture infiltration. The glazing 
is fastened to the frame ; with %^inch sheet-metal 
screws. It is possible to achieve the same results 
by utilizing a compression strip on the entire V 
edge.. The top layer of glazing is then fastened 
in the same manner. At .this point the caulking 
is omitted until the unit is filled wjth insulation. 
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Figure 11-12: l]rcimh'ig /members ofshtilter 



The'mnit should be filled after the hinges are 

mounted on the; panel. 

I ■ 
G. Hinging the Flip Shutter 

The size, of the shutter requires that the hinging 



stresses imposed upon it, over extended use. The 
one we have devised meets these requirements 
and is simple to fabrica te— (-Figufe-4-l-15")r— We~ 



--usexi^44^i nc k^^H4^^ the- 
arm and % G -inch-by- 3/4 -inch-by- 5% -inch steel 
rr^echanism be sufficiently sized to take the plate for the leg. The arm is made f ronxan old 
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bed frame. Weld 'the leg plate to the arm along 
the top edge and inside on the bottom. The hole 
in ,the leg plate should be K inch in diameter so 
a$vto fit the '/> -inch-diameter hinge bolt. 

The-Jiinge should be fastened to the side of 
the frameNyjth 1 '/.-inch hex-head lag bolts and 
to the bottom of the frame with 3-inch hex -head 
lag bolts. The hiifge should be painted before it 
is mounted. Use a bright color. After your 
hinges are mounted place <he shutter on top of 
the frame making sure the front ; and. side edges 
line up. Put ^-inch spacers between, the frame 
and the shutter. This should make the hinge 
bolt hole line up in the middle of the 2 x -i 
mounting. This space between the two sections is « 
essential for a uniform seal of the shutter with 
the uasket.' Remove the shutter and drill the 1 2 - 
inch hinge bolt holes through the mounting 
frames. Mount the frame with -inch-diameter* 
by-2 '{.-inch bolls. For the open lid position, you 
will .have to fasten a stop block to the back of the 
frame to prevent the lid from resting on the 
plastic' in the open position. 

H. Insulating the Shutter 

The final step is that of filling the shutter with 
insulation. We utilized expanded Styrofoam 
beads, about 7 pounds of them. It may be 
possible to use dried sawdust or wood shavings, 
but the beads Will give a better insulating factor 
than the other two. The beads are available 
through plastic supply houses or insulation 
suppliers. The "static cling" of the bead will 
have to be eliminated. \ This is done by adding 
about half-a-cup of Anstac 2-M to the beads and 
mixing it ail together making sure the beads are 

well coated. It is also a good idea, to wipe ±he 

inside surface of the glazing with the same stuff. 
The material is available -from Chemical Devel- 
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Figure 11-15: Pal!er)>. H w '^ti, I "abud tlion . 

opmcnt Corporation, Endicott StrectY^Dlinvers, 
MA 01923. Check with plastics distribul^sfor 
they may have other sources. \ 
Fill the reservoir, The beads compact about 
20 percent when settling, so tap the storage 




Photo 11-9: Hinge ui place. 
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Photo 11-10: Completed solar frame. 



•reservoir to make sure that it is completely full. 
Fill it right to the flap valve and then turn it to 
the closed position. Tighten down the screws on 
the front glazing, close the lid, and open the 
valve. After the window is full there should be at 
least 15 to 20 percent left in the reservoir; run 
it back and forth several times to make^ sure that 
it works well an-d that you hav«.sufficient insula- 



tiorr. When that is done, loosen the top glazing 
'sheet, put a small bead of caulking around the 
entire edge and tighten down the screws. 

If your solar frarhe is in-a windy area you may 
want to consider devising some sort of tie-down 
when the lid is in an open position. We have 
had no problems with wind opening the lid 
while it's been in a closed position. 
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Managing the Solar Greenhouse 



Chapter Twelve 

Growing Basics 



John White 



The solar greenhouse is designed to admit the 
maximum amount of light energy in the cool 
season. Idfeally, energy is either absorbed .and 
stored away or it is used for photosynthesis. Both 
functions are essential to plant growth in the 
greenhouse. The design and construction assures 
that the stage is set for gardening success.** But 
even the finishing details inside— wall colors, 
location of growing areas, types of containers, 
and the arrangements of plants — can affect the 
health of the crops. An appreciation for a 
plant's basic requirements, particularly with 
reference to actual winter conditions in the 
greenhouse will be useful not only for setting 
up the planting environment, but also in 
choosing and caring for the plants. 

Light Energy for Plant Growth 

Photosynthesis is the process plants use to con> 
vert the riw products of light, carbon dioxide, 



Light Energy for Plant Growth 

Thirty-seven percent of the energy in sunlight 
is within the wavelength (colors) useful for 
photosynthesis, Of the rest, 62.4 percent is 
infrared, or thermal energy, and .6 percent is 
ultraviolet. 

One percent of the light that falls, on a leaf 
powers photosynthesis. Ten percent of the 
light is reflected and 10-, percent passes 
through. The leaf retains 180 percent and 
most of it is used for transpiration. Some is 
reradiated. The fraction that remains is avail- 
able for building food from carbon dioxide 
and water. 



Box 12-1: Light Energy for Plant G ro wtb 

require different'" intensities for most efficient 
photosynthesis. * 

It is the length of time adequate light is avail- 
able that most determines the amount of food 

along with wafer and elements from fertilizing 'angles of winter are not coriducive to rapid 
materials, are used for growth. Plants are most growth. Low sun angles -make (short days even 
responsive to visible light, and- for photosynthe- — shorter- for photosynthesis, since afternoon and 
sis, they use only its visible portion (see Chapter mining sunlight then travels through a thicker 
Two) . Photosynthesis will occur quite well at layer- of the* earth's filtering atmosphere. Be- 
light intensities as low- as one-quarter of the cause plants make less food on a winter day, they 
maximum. C>f course, various families of plants will take longer to grow. In some areas such as 
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This is a graphic comparison on the differences in -available light ' between months and through the seasons. It com- 
bines the effects of day length and ' cloud cover. A chart like this can be made for any location to help plan cropping 
systems and planting dates. . . a 

Figure . . 12- 1 : llo'/irs of sunshine per itioiilh. ' 



the Pacific Northwest the predominance of 
cloudy weather coupled with short days can mean__ 
extremely slow growth. 

Other colors of light outside the visible 
range can affect certain growth • processes. 
For instance, too much infrared light can make 
plants spindly and tall. While too much' ultra- 
violet (produced by sun lamps) can killjnlants, 
a little bit helps keep them stocky and straight. 
The glazing you choose should admit as much 
light as ''possible for the plant's sake. Because 
added thicknesses will cut out some light, con- 
sider carefully 'before going beyond two glazing 
layers (see Chapter Four). The glazing should 
not eliminate much of the visible reds and blues 
which the plant needs most. 

Some plants suclvas spinach and lettuce will 
grow well with low-intensity, diffused light. 
Others like cucumbers need high-intensity, direct 
light for best growth and fruiting. Practically' 
speaking, plants which tolerate medium in- 
tensities will do well nearer dark objects, and 



high-light intensity plants will grow best in full- 
iuiLand^n^ffOftr^f "reflective surfaces. Not all 
vegetables will' do well in" all seasons. Plants 
that need plenty of high-intensity light will do 
best in spring inside the greenhouse; outside the 
days are. getting long, though the air and ground 
may be still quite cool. For periods of marginal 
lie kit, remember that root and fruit c^aps need 
hp do a lot. of growing before they produce any 
edible parts. 

The simplest way to increase the amount of 
ight for the plants is by painting the interior 
-vhite or coating the walls and roof, with alu- 
ninum foil. Research at the Brace Institute in 
Montreal suggests that this one improvement 
might increase the light by about one-third over 
what would be available in an all-glass house. 
In their comparative tests, plants in 'the house 
with .reflectors on the north wall and roof ma- 
tured more rapidly. White paint scatters more 
light, so a little" more would pass out through 



the glass than if foil were used. 



The difference 
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•1,000 
'Light, Footcanclles 

Light intensity at noon on a clear day is about 10,000 footcandles; on a cloudy day it is closer to 1,000. Good growth 
can occur with 2,500. Among other things, the data-in the graph indicates that greens crops profit less from greater light 
intensity than fruiting crops. 



Figure 12-2: Effect of light intensity ov plant grdxi'th. 




Photo 12-1: Storage barrels, black to sun. white ' 
Jo plants. i 

• ' / 

is not large. All wooden beams and rafters 
should be white, too. 

Supplemental lighting can be used to -extend 
the duration of radiation which is strong enough 
for photosynthesis. This is most cost-effective on 
seedlings, since young plants are more efficient 
than older plants in using the extra light. And 
more plants can be 9aised under one light as 
seedlings. For example, when temperatures are 
too low to germinate a kind of vegetable seed 
in spring, supplemental light can be used 
instead of supplemental heat. Here is how. 
Simply wait a few weeks until the greenhouse 
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Photo 12-2: Reflective coating. Pragtree I-'ar/n . 



warms, then use lights at night to make up for 
lost time.. For photosynthesis, cool, white 
fluorescent lamps with reflectors are as good as 
any. A light meter can be a valuable tool around 
the greenhouse. It will help you determine 
where the best spots in the house are and confirm 
your impressions about just when and which 
plants sta-rt growing faster^ 

Photoperiod refers to how the length of day 
or night affects plant growth, apart from the 
production of food via photosynthesis. Chrysan- 
themums will flower only when the days are 
shorf while spinach and radishes flower only 



GROWING BASICS 



237 




400 



500 



600 700 
Wavelength (Nano Meters) 



8O0 900 
(adapted from ASHRAE) 



Plants use only the light wavelengths in the visible and near-visible colors, 360 to 760 nm. For photosynthesis, 
the most important light is blue (-130 nm) and red (660 nm). Germination, flowering,' and stem lengthening are 
influenced by red (660 nm) and far red (735 nm). Lamps which provide these colors/are adequate for supplementa- 
tion. Growth chambers often employ a combination of fluorescent light (70 percent of- the installed wattage) and 
incandescent (30 percent) . ' 

Figure 12-3 : Spectral energy distribution of sunlight -and fluorescent, incandescent, and xenon lamps. 



when the days are long. Besides-Increasing 
photosynthesis, some fluorescent lights may" also 
be used to -artificially initiate flowering in long- 
day plants: Incandescent lights will serve to 
lengthen the photoperiod, but are not good for 
increasing photosynthesis because' they .are in- 
efficient in converting electricity to light. The 
length of night can be increased by using densely 
woven black cloth or black polyethylene' over the 
plants. 

Solar greenhouses, attached or freestanding^ 
are designed so that they are shaded by the peak 



and opaque roof in 1«he summer. In such tight, 
well-insulated buildings, this is essential to/avoid 
overheating. Light intensities will still be/ample 
for growth, though the duration of effective 
light will not equal 'conditions on the outside. 
According to reports, this has not interfered 
with the production of tomatoes, peppers, or 
cucumbers. 



Temperature 

Every growth process, whether it be movement 
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-of water, minerals, and food in roots, sterns, and 
• leaves, or photosynthesis, or actual tissue expan- 
sion, is afjected by the temperature. Tempera- 
ture influences how -fast plants will- grow, not 
just whether or not they will live. Some plants, 
endive and kale, for example, can tolerate 
repeated freezing temperatures and continue -to 
grow when conditions warm up.: But very few 



of the life functions will occur below 40 °F. For 
most vegetables, growth also declines when tem- 
peratures exceed the middle 80s. Plant families 
vary widely In the temperatures at which they 
grow best. Furthermore, for one plant there are 
different - ideal temperatures for processes like 
germination, growth of cells, or photosynthesis. 
Desirable temperatures depend on thp crops 
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Figure 12-4: Optimum night tern pera/ures for growth 'and reproduction. 



GROWING BASICS 



239 



Feb IS 



SO 6 12 " 1 



Feb 19 
noon 



12 6 r 



Air 

at center post 6 f t height - 
at plant level v") ft height 
at Moor level 



Farth 

in planting put on bench — — 
6 in. deep in floor under back bottle 
6 in, deep in lloor liont west ton 



Figure 12-5: 7 he rate of daily temperature change in 

Miiuiy day followed by cloudy day. \1 i-i 




-./oil i ! I 

.-I, • . ?( . Vf-Tr!~f ■■ rt- pi 



that you intend to grow. If you stick mostly to 
coo I -season crops, a temperature range of 40,° to 
60 °I\ is best. An occasional drop to 35° or 
increase to 90° will not hurt most of these crops. 

"But prolonged lows will slow down growth, 
while prolonged highs will cause unwanted 
flower development and make the leaves tough 
and bitter tasting. If you are growing primarily 
warm-season crops, a temperature range of 60° 
to 80°F. is- best. An occasional drop of 50° or , 
increase to 100° will not hurt these crops. Pro- 
longed lows will cause a loss of flowers and 

.fruit, malformed fruit and a slowdown qf 
growth, while prolonged high temperatures will 
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noon 



> j oil, and planting pots. 
oinX)lva>iia. 



cause burning of j'ruit, wilted leaves, and a slow- 
down oFgrbwth, 

In most solar greenhouses that we know of,/ 
daytime air temperatures-even in the middle of 
winter are well within, the desirable range for 
cool-weather props. Air temperature rises rapidly 
with' sunlight, so little useful light is wasted 
because the air is too cool for photosynthesis and 
growth then. Though air cools rapidly at night, 
temperatures will remain warm long enough to 
complete some growth, especially when only a 
small amount of food has been made during the 
day. 

Cool scty temperatures during the day can 
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Cool NigHt Temperatures May Not Slow 
"V Growth 

William Loefstedt and William Buzzard, 
horticulturists at thje New Flaven Park Dep^art- 
ment„and the Connecticut Agricultural Experi- 
,,ment Station, respectively, have found that 
^lowering the greenhouse temperature at 
-rtftght to 45 6 F. has no effect on" the growth"' 
and quality of chrysanthemums and lilies. The 
crops in the cool house were compared to the 
same flowers grown at a constant night- tem- 
perature of 60°F. 

Dr. John Thorne, a plant physiologist asso- 
ciated with the horticulturists, explains the 
basis for this tolerance to cool temperatures: 
"During the first hour* of darkness 
many plants complete their necessary metabo- 
lism, translocation, and utilization of products 
formed during -the, day.'' After those pro- 
cesses are complete, the planHs not affected if 
the temperature is lowered, somewhat. Dr. 
1 horne^TCpep s" t RaF mi n crops , like endive 



and kale might • be, even more mid-tolerant. 
That is, some plants may complete their meta- 
bolic processes even \ faster than the ones 
tested. It is certairuthat some groups of plants 
and even certain varieties within a single 
group .are^difrerent in this respect. - •. 

this, particular experiment, the heating 
"system maintained 60°F; until 11:00 -p„m. 
Between 11:00 p.m. and "6:00 a.m. the tem- 
perature was allowed to fall to 45°F. As the 
temperature was turned up in the morning, 
the' plarlts were irrigated with 75'° F. water to 
warm up; the roots and soil. v 

The research indicates that the environ- 
ment for plants in many solar greenhouses is 
abetter than might have been suspeqted. Fur- 
thermore, it suggests that growers should, 
•water in the morning with warm. water if at 
all possible. A greywater system would be 
one way of doing this with littlej extrd energy- 
It also suggests that if supplemental heat is 
required, the most effective time to use it is 
in the early evening. 



Box 12-^2: Cool Night' Temperatures May Not 

limit photosynthesis. When soil temperatures 
are, very low, the membrane oWhe root? changes 
so that water is not admitted as readily. Espe- 
cially early in the day when the leaves are warm 
.('perhaps warmer than the air), wilting can 
occur even though the greenhouse isn't hot. 
■ Water 1 , of course, is essential to photosynthesis. 
Th^s was observed occasionally in the Maxatawny 
greenhouse.- All other reactions associated with 
growth in the soil will be slower at cooler tem- 
peratures. Ev£n-for cool- weather crops, tempera- 
tures in the root zone below 50°F. will reduce 
growth. 

The distinction between night and day, then, 
is not so clear cut in the soil. In a passive solar 
greenhouse" in winter, the soil may be too cool 



Slow Growth , . . i - 

a 

early in the day to take advantage of the climate 
in the air. On the other hand, late in the day it 
. will retain warmth so that growth processes can 
continue for a while after dusk. 

The great change between day and night tern- 
peratures in both sdjl and air in itself will not 
hurt the plant as long'as its harmful temperature . 
point is not reached or maintained for several 
days in succession. 'With respect to temperature, 
some growth is possible most days through the 
winter. Generally, there will be a period at night 
at which -all growth ceases for a while. 

You have control over several factors whicrD 
can alter the temperature in the leaf and root 
zones. Temperatures can vary widely in different 
spots around the greenhouse, especially ver- 



GROWING B'ASICS 



241 




Microclimatic zoneq ca;n occur in the passive greenhouse. They will change slightly with the seasons: the rear is 
shaded injhe summer and the area near the glazing can become quite cold on winter nights. Circulating the air will reduce 
temperature differences between regions. Tall plants and hanging baskets* will shade any plants behind them. 



Figure 12-6: Mioocliiutile zones. 

tidily;. Uniformity of temperature within the 
commercial gneenhouse is important only because 
crop utiiformfy is important. However, in solar- 
heated greenhouses, you can try .to take- advan- 
tage of 'natural interior temperature variations, 
essentially by placing warm crops nearer the 
roof and cool crops nearer fhe floor. The en- 
vironment in these zones wilf also change from 
winter tc^imrner. You will have to experiment 
to determine the best zone-s and seasons for each 
crop. 

The growing containers, consequently, can be 
important for rearSing^ the benefits of micro- 
climates within the greenhouse. Pots hanging or 
on shelves are the obvious way to use the highest 
spots. Plants on trellises may have their tops 
basking while the roots; are chilled, or vice versa, 
when trailing plants are trained to cascade from 
a high spot. 



, The choice which affects plant temperature 
most is whether to use benches or ground-level 
beds. Growing on benches puts the plants in a 
warmer air layer of tile greenhouse. Whenever 
cold air enters the greenhouse, it immediately 
settles over the^^Esnnd layer. Bench systems, 
however, usuafpfiiean the plants will be in pots 
of some kind. The ac||mpanying graph .(Figure 
12-5) sho^Phow closfif the soiljn a pot follows 
air temperature. The roots in a pot will be sub- 
ject to great temperature fluctuations then, but' 
will also heat up to growing temperatures fairly; 
quickly. Note that' at the Maxatawny green- 
house, soil, temperatures in 'the pots could drop 
to freezing on occasion. In som^cases, .roots in 
pots tend to cluster around the outside of the soil 
ball aad cool even, faster. The soil in ground- 
level beds -is one continuous mass and will 
change temperature much less radically. 
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Terracing is a good technique for combining 
the advantages of growing in an elevated spot 
and keeping the roofs in a large" soil mass 
buffered .from stressful extremes. The New 
Alchemy Institute has incorporated terraces into 
their Cape Cod Ark and recorded soil tempera- 
tures averaging around 53 °I\ ;it noon fh mid- 
winter. Note that terracing puts some of the soil 
mass into a vertical position so the soil can 
absorb more solar heat that wav as well. 



A soil thermometer is a good tool for learning 
about these aspects of the soil environment. 
They come with stems of various leneths. Since 
they respond quite rapidly, you can easily check 
points and depths all over the greenhouse in a 
short time. 

One way to find out how much the air tem- 
perature varies in your greenhouse is to use 
maximum-minimum thermometers. Record the 
temperatures each day in a notebook. Be sure to 




Photo 12-3: Utilizers, shelves, benches. Noli. Oregon. 
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Photo 12-4: Terraces, dipt- Cod Ark. 

get an alcohol-filled rather than a mercury-filled 
jthermomcter. If you break a mercury-filled 
thermometer in a greenhouse, you may have to 
move out because the mercury fumes can be 
devastating to you and the plants. Be sure to 
shade the thermometer from direct sunlight and 
place it where the greatest mass of plants 
are, not just at a convenient eye level. You 
should realize, that thermometers can be off 
several degrees when they first come from the 
factory, and therefore should be checked against 
water of a known temperature such as melting ice 




Photo 12-5: A\iix!)uui)i--^i)'h)iimni)i thermometer. 




Thermostats can be fan-ventilated when air temperature 
must he controlled precisely. . „ ■ 

Figure 12-7: Shading temperature control . 



(32°F. or 0°C). Thermometry are slowerjo 
respond to temperature fluctuations ' caused*' ' By_ 
bright sun or cold air drafts thaV. plant leaves 
because they have more mass per unit area. 
When a thermometer shows ' a maximum of 
90°F. and a minimum of 50 q F., the plant leaf 
may have fluctuated between 105°F. and 40 °F.. 
For most accurate temperature sensing, thermo- 
stats should be_s_ha^^ 
Tf -T ) . . 

Record the temperatures each day in a note- 
book, along with the outside temperatures and 
Veathet notes. This will provide you with a 
good basis for developing your winter-gardening 
skill from year to year. If you are willing to 
check the greenhouse just before dawn each 
morning and again in early afternoon, you can 
get a good approximation of the daily high and 
low temperatures without a maximum-minimum 
thermometer. 

You have several choices when temperatures 
fluctuate regularly into harmful extremes for the 
plants you are growing. At worst, you can close 



thejplace down for a while, either in the dead of 
venter or in the extreme heat of summer. Either 
'time is good for roasting ox freezing out insects 
and diseases-, doing sorn£ general maintenance, or 
getting away, twi ^vacation. To date, however, ex- * 
perience, has shown that there are- some vege- 
tables which can tolerate the coolest4empera- 
tures inside the solar greenhouse in most 
rl imgt p_s.^ J^Lgla--tttfy~ mfiy not-he -flrttvcry pro-" 
ducing. These^are the plants that* will provide 
you with the earliest crops as the days begin to 
get longer at the end-jof winter. * * =>-* : 
/ Some people prefer to control temperature by 
V supplementing energy ( active system ) and vent- 
ing (active or passive system). The simplest is 
tocfce a fan to circulate air. This will make the 
air more uniformly warm between the top and 
bottom of . the greenhouse. It will also put more' 
heat into storage for night. Heaters can have a 
much more substantial effect. If the area is small, 
radiant heaters are the easiest way to concentrate 
the heat in 'one part of the greenhouse, for 
example, to charge the thermal mass. It is best 



Percent Reduction in Fuel Use When Greenhouse Temperatures Are Lowered 



65 °F. 



Present Greenhouse Temperature 
60°F. . 



Monthly Average 
Temp. (°F.) 



60 °F. 



Ne\y Greenhouse Temperature . 
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• Source: Harrison and Roberts. Florist Notes. Cook College, Rutgers University, December 1973. 
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Table 12-1: Percent Reduction in Fuel Use When Greenhouse Temperatures Are LotWed. 
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to have the supplemental heat controlled by a . 
thermostat. Combustion heaters ( wood, LP gas, 
oil, etc. ) should be well vented to the outside to 
prevent buildup of pollutants. Plants are very 
sensitive to carbon monoxide, sulfur dioxide* 
. PAN, and ethylene gases. Gas-fired heaters can 
be a significant source of ethylene. Tomatoes are - 
very good indicators, of even very low ethylene 
level's" Leaf edges cup down and the leaves 
become twisted at concentrations as low as 0.1 
part gas \ per million parts, air. Although the 
initial costof electric heaters is usually less than 
gas heaters, the maintenance cost may be higher. 

Most <j)f all, choose varieties that suit, the 
season and tolerate extremes. You can save con- 
siderably On your heating costs if you grow cool 
crops in tjhe winter. ."The percent reduction in 
fuel use j when greenhouse temperatures are- 
lowered ij> shown in Table 12-1. If you are 
trying to grow in a passively heated greenhouse 
system with little or no fossil fuel, you will have' 
to accept a greater fluctuation in temperature 
than when you have a backup heat source. 



Atmosphere 



The greenhouse atmosphere is composed of par- 
ticles or moisture, carbon dioxide, other atmo- 
spheric gases (mainly nitrogen and oxygen) , and 
perhaps some pollutants (gases or dusts) . Mois- 
ture, which is expressed as relative humidity and 
carjaon dioxide, have a profound effect on plant 
growth. 

Normally, outside air contains -.03 percent 
carbon dioxide, and for growth to be normal, 
plants need this minimum. Carbon dioxide from 
the air* is a plant's only source of carbon, which 
Tnakes — up about half o£" its tofal dry weight. 
Actually, plants can use much more than the .03 



percent which occurs naturally. Plants inside or 
outside will benefit from carbon-dioxide levels 
from .05 to .percent. 

Besides sunlight and water, carbon dioxide is 
essential for photosynthesis. You have seen that 
adequate sunlight and water can be available 
inside a solar greenhouse in winter. However, 
,ifj 1 hg„gl £gnhnnse ..i s tightly s c aled ■ on a cold, 
sunny day and it is filled with plants, then they 
may use up all available carbon dioxide within 
an hour or two of sunrise. Carbon dioxide must 
be supplied if the plants are to grow to their full 
potential. / 

There is another way to look at this. If the 
amount of carbon dioxide is 3 doubled over nor- 
mal levels, then 'photosynthesis during that time 
may be approximately doubled. In this sense, 
increasing carbon dioxide can offset partially the 
reduction of light, in winter. . 

Scarcely any greenhouse will be absolutely air- 
tight, so some carbon dioxide will come in with 
infiltering air. Still, an addjtiQnal supply • is 
essential. Attached "greenhouses will have more 
carbon .dioxide available due to greater infiltra- 
tion from the, home and from the breathing of 
the inhabitants. A half-dozen chickens were kept 
in the Maxatawny greenhouse. Though they cer- 
tainly helped, the chickens probably did not 
bring the level of carbon ; dioxide up to the 
normal .03 percent. Carbon dioxide can>lso be 
supplied via dry ice, decaying organic matter, or 
ventilation. 

Venting in midwinter brings much cold air 
into the greenhouse as well. To maintain normal 
carbon dioxide levels by venting, commercial 
greenhouses need a complete change of air at 
least every 10 minutes. During spring and fall 
^when days are" long, much more energy is availa- 
ble for plant growth and heat storage. Nights 
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--™^ffDW"^ucK* r CO^ from Compost? 

' The amount cannot be predicted accurately be- 
cause it will vary according tb the materials - 
used in each batch. But.you can assume that 
the amount generated by a well-i"nade pile will 
be substantial. 

According to Clarence Goliieke, 'a micro- ■ 
biologist at Berkeley who specializes in cjom- 
.posting, the dry matter in a compost pile jwill 
lose one-third to one half ipf its weight over 
three weeks' of active composting. Nearly^ all 
(95 percent) .of that lost weight is carbon that 
has .gone off as carbon-dioxide gas. Dry mat^ 
ter mkans that the weight of the water in the 
composting materials is ignored; typically the 
water accounts for 50 to 75 percent of /he 
total weight of the -u^ual manures and vegeta- 
ble matter. • / 

So if you have a bin that holds 200 pounds 
of wastes for compost, then roughly haff that 
is water and -the other hundred pounds;' is dry 
matter. That means that about 50 pounds of 
.carbon will go into the air as carbon/ dioxide 



over three weeks if the composting is done 
properly. The process will also add heat and 
humidity to the environment. 

The compost pile should be a fast one. 
It should be made of manures, vegetable waste, 
and hay, and turned every other day for ample 
aeration. If much woody material like straw 
or. wood' chips is used, the pile will need a 
richer source of nitrogen like extra manure. 
Even under the best circumstances, a pile with 
a lot of woody material in it will only give off 
one-third of its cj^y weight as carbon 'dioxide. 
If the materials are skillfully balanced, there 
should be very little nitrogen lost as gas. 
When a good pile has cooled down from 
150° to around 100°F., then most of the 
rapid carbon-dioxide release is over. 

Finished compost like this still has carbon 
in it, but it will break down very slowly. Used \ 
in potting mixes or soil for planting beds, 
however, soil microorganisms do continue to" 
work on it and their digestion and respiration 
continue to provide an important source of 
carbon dioxide in the greenhouse. 



Box 12-3: 'Hou^\j/xjj_CQ^jxL)il-G^fcrTrT' " 
-areTTotso severely cold. Under thos^ conditions, 
venting can be a useful source of carbon dioxide 
and temperature control with no jclrain on the 
' thermal performance of the greenlpuse. Because 
venting touches on several important aspects of 
your greenhouse growing, it will hjfe treated more 
fully later. ' \ 

There is a considerable potential for carbon- 
dioxide supplementation through 1 composting in 
the solar greenhouse. The pile jshould be kept 
active and be carefully; * made j so that excess 
ammonia gas is not released in|o the air. This 
sho-uld not be a problem if manures and Other 
high-nitrogen sources are balanced with ample 
dry matter like straw or hay. Compost tempera- 



tures should readf 140°F. to l60°F. which-also- 
will, lielp the greenhduse stay warrri. ■ , 

The continual bteakolawn of organic matter in 
the s6il by microorganisms is good reason for 
using plenty of fitfish&d compost in 'planting 
mixes. As the sun warnis the soil, the activity of 
the microbes increases, another good use of solar 
energy. There is steady release°of carbon dioxide 
from the growing '• media, though it is not 
nearly "as high as from a composting pile. Bed 
plantings provide a great volume of soil organic 
matter slowly decomposing, in the greenhouse. 
This is part of the reason for the bedTplanting 
'system at New Alchemy Institute and the CET 



248 



/ 



/ • 



/ 



, THE SOLAR GREENHOU&E BOOK 



/ 



u 



J3 

< 



1.2 



1.1 



1.0 



0.9 



0.8 



0.7 



0.6- 



% 0.5 

o - 

o 

0.4 



0.3. 



0.2 



0.1 



* r 
*/ 





J 

/ 


/ 




























/ 














.. 

y 


< 




/ 


g 














t 








y 











































-r 






• 








• 








- 


i 
j 










• 














j 

i 




a 




- 












• 




-i • 

\ 

j 












-■ 












-1 
























r 










e 














.V 


J 
















■ / 





























100 



500 



" 200 300 " (00 

Air Flow in Feet per Minute ■ " « • ■ .'• * • 

Slight air movement has a beneficial effect on growth probably because it enhances carbon dioxide exchange and 
transpiration. It also helps keep ( the leaves from overheating. Rapid agitation, however has a stunting effect. 

» - 

Figure 12-9: Effect of air movement on leaf growth. 

i * * .t 

greenhouses. In the Maxatawny greenhouse, neath catwalks. The pioneering work with corn- 
space under one of the benches holds a compost posting by Dan Knapp is given special attention 
bin. See the CET greenhouse for details on how later in this section. 

composting trenches' may be arranged under- \ At least two experimenters have tried methane 

: \ x ' ' •' 



GROWING BASICS - * 

digesters in the greenhouse. As for the compost 
pile, tile greenhouse can give the digester the 
%olar boost it needs in order to become active in 
winter. Carbon dioxide is one of the products. 
Jim Burgel built a greenhouse attached to the 
south side of. a Minnesota dairy barn, and Ken 
Stauffer installed his in, a small' freestanding 
greenhouse near Boyertown, Pennsylvania. No 

wintertime carbon-dioxide potential of digesters, 
but 5't is another tantalizing technique for future 
work. The carbon-dioxide problem must be 
solved* if the solar<-greenhquse is to provide maxi- 
mum plant growth. 
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must then be given to preveiting diseases. 
Germinating seeds and unrootec cuttings need 
humidity near 100 percent. Aft<r the seedlings 
develop "true leaves or roots h;ve formed on 
cuttings, the humidity should b : gradually re- 
duced. 

Ventilation is the best way to i sduce the rela- 
tive humidity when it is too high. 



As mentioned 
much of the 
spring and the fall. During the Slimmer in areas 



earlier, this will be no problem i 



like the Southwest, venting for 
needs to be limited so that 
doesn't become too dry. In 



rhrough tiny pores in the leaf, carbon dioxide 
^enters from 'the ak. 1 When the ail: is Jquite still 
s in a passive greenhouse, there cap bei a film of 
ir which is depleted of carbon dioxide around 
ach leaf. A fan operated at the .hours of maxi- 
um photosynthesis will -break these films and 
stribtite the available carbon dioxide through 

greenhouse. i 
Most plant. species, grow best when, the relative 
idity • of the air is between 30 and 70 
pekent. Below 30 percent, plant tissues, except 
in \ cacti and succulents, become dessicated. 

ve' 70. percent, disease organisms are more, 
likely to' be a problem, ^ combination of high 
relatiive humidity and high temperatures can be 
especially; harmful. A dog pants when it is hot; 
moisture evaporated from its tongue has a cool- 
ing effect. Similarly, a plant must lose moisture 
by. transpiration to keep from overheating. A 
high relative humidity^ makes it harder fa's the 
plant to give water ' off to the air. 

Because the solar green 
sealed in winter to prevent heat losses, high 
humidity, can be a problem. An 80-percent 
humidity may be acceptable, but close attention 



should be- avoided in alh^oldjdirm tes._NoLonh/_ 

at air is also 
it begins to 
the effect of 



w 



eat sometimes 
e . greenhouse 
nter, venting 



the 



hu 



house is kept tightly 



does it bring in cool r air, but t 
drier. Once in the greenhouse 
absorb more moisture which has 
further cooling the^greenhouse. "onsider that 
when a pound of water (one pint) evaporates at 
60° F., it absorbs more than 1.0CO Btu's. But 
wjjen the air becomes extremely humid, causing 
disease and overheating, some compromise f jwill 
have to be .made, between energy conservation 
and humidity control. 
o ' For this reason, it is. very important to water 
sparingly in winter. Excess water in the soil and 
spilled onto the floor will be evaporated as the 
sun's rays strike it and warm it. It is best to 
provide a way to collect excess water. When- 
ever possible, water-storage containers should be 
sealed. Bill and Marsha Mackie >iote that the 
warmth of their greywater makes for higher 
evaporation from the tank. It would help to 
cover it since'there are no fish.* CET-has devel- 
oped an effective drainage trap for large beds. 

The relative humidity can vary greatly over 24 
hours iri a solar greenhouse. As the air warms in 
the morning, its moisture capacity increases. At 
the same time, sunlight and warmer temperatures 
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Relative Humidity 

Relative humidity shows the change of seasons 
in the greenhouse clearly. The curves for 
Maxatawny are very similar through a week 
of varying weather outside,' but weeks in 
early winter, late winter, and late spring are 
each distinct. Two forces are at work. Sun- 
light eVaporates water and causes the plants to 
transpire, and warm air holds more wafer 
creating a lower relative humidity. The 
evaporation and transpiration effects dominate 
the mornings; maximuQi relative humidity 
generally lynrrOjflmnn'H l ■ 00 a m — Aftet- 



■ that, the heating of the air takes' over and 
causes the percent moisture in the air to 
drop until about 2:00 P.M. Then the cooling 
of the air lowers its capacity for moisture,- and 
the relative humidity rises steadily till the 
lowest temperature occurs near dawn. '-.The 
sharp drop in humidity before noon may 
possibly be influenced by a slowing of trans- 
piration associated with photosynthesis due to 
a carbon-dioxide shortage. 

The effects are the same in early winter and 
late winter, but have greater force during the 
longer days in March, as the curve shows 
'dramatically: At warmer temperatures, 
evaporation and transpiration are much faster, 
and the sun'makes the greenhouse hotter at 
noon. At the end of the week, in March the. 
greenhouse has become warm enough through 
24 hours to force a lot of evaporation, but it 

..does not heat enough' during the day to drop 
the humidity. The week in May shows the 
effect of daily venting. 



'Box 12-4: Relative Humidity 



increase evaporation from soil. The leaves tran- 
spire water into the air while photosynthesis 



takes place. When the sun is gone, these ac- 
tivities cease, but the temperature drops as well.. 
At a lower temperature, the air can hold less 
moisture, 1 so the relative humidity rises. The 
accompanying humidity charts from the Maxa- 
tawny solar greerihouse show what actually 
happened and some of the variations between 
long and short days. 

Humidity in attached greenhouses can be a 
boon in the wintertime, since r^ost homes are 
much too dry. Proper ventilation will benefit 
both plants and people th&i. In warmer seasons, 
high humi dity from the greenhouse could make 
the home uncomfortable and encourage' mildew 
on furnishings. 

Ventilation 

Ventilation, ok you have seen, cools the green- 
house, adds carbon dioxide, reduces the relative 
humidity, andl, mixes the air. In winter, you 
should managei your greenhouse so that the need 
to vent and Ipse heat is minimized. If an' 
attached greenhouse seems to need winter vent- 
ing, the amount of heat storage should be in- 
creased, and perhaps the vents into the home : 
should: be redesigned or supplemented with, a 
.fan,' In a freestanding house, it may be necessary 
to vent any day of the year. 

In spring, fall, and summer, adequate pro- 
visions for. venting can make' the very favorable" 
environment in the solar' greenhouse even better. 
-Then, there is ample sunlight fox good growth. 
Maintaining production temperatures at night is 
less of a problem for the heat-storage system. 
Ventilation can assure ample carbon dioxide and 
air mixing. In all but very arid climates, humid- 
ity can be controlled. David MacKinnon reports . 
that in Flagstaff, the greenhouse can dry out very 
quickly if left wide open in summer. 
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Figure 12-10: Relative humidity. 



Al^ solar greenhouse designs should be self- 
shading to reduce the tendency to overheat so 
that summertime venting can be accomplished 
with a minimum number of well-designed vents. 
Since cracks around vents are prime heat-loss 
areas, the venting system should use the least 
number of openings and be well-designed. Self- 
shading greenhouses will admit plenty of light 
in summer for growth, since the intensity of light 
,is ample, except in extremely cloudy areas, and" 
days, are much longer. 

If the heat becomes excessive, it can be re- 
duced by shading all or part of the glazed area. 
Lath or Saran netting will partially block out the 
sun's heat. They are . easy to remove. For 
attached greenhouses, a screen of plants like sun- 
flowers or morning glories on a trellis seems to be 




Figure 12-11 



Vent Locations: a. loiivered stack; 
b. hinged vent; c. hinged and 
d. sliding to augment high, passive 
vents; e. fan. 
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popular. They can do a fine job of keeping the 
greenhouse cool and at the same time are 
beautiful whether you are inside the greenhouse 
or out. Shading compounds, which are sprayed 
on the roof, are also available. When I was 
young and working in a greenhouse in Okla- 
homa, I made a' weak solution with „ clay- soil 
and spread it on with a broom. It didn't rain- 
much,, but after it did I would just put -on 
another coat'. • . 



rtgation 



Life Stages of Vegetables When 
Adequate Water Is Critical 

Vegetable Critical Period 

Bean' Pollination and pod development 

Beet Root enlargement 

Broccoli Head development 

Cauliflower Head development * 

Cucumber Flowering and fruit development; 

Eggplant l-'lowering and fruit development • 

Lettuce Head development 

Onfon Bulb enl argement . 



tering plants grown in containers is more an 
han -a science. It is difficult to teach someone 
en to irrigate and how -much water to use. 
xperience is the best teacher. The plant's mois- 
ture needs, the time , of year, and kind ,of day 
affect, how rapidly water is used up? The. most 
critical periods for sufficient moisture in the life 
cycle of certain vegetables is given in column 2 of 
Box 12-5. Using a uniform soil mixture and the 
same type of pot for most of your plants will 
greatly simplify the learning process. 

More plants are ovefwatered, in the name of 
"playing it safe." But when the soil or medium 
is too wet, a lack of oxygen causes parts of the 
root system to die. The dead cells provide an 
easier path of entry to the plant for disease 
organisms than live tissue does. 

A well-prepared medium will greatly promote 
proper drainage. The mixes given in the follow- 
ing section should provide sufficient pore space 
so that they will not be overwatered easily. 

Container size and composition have a sig- 
nificant effect on how often you will need to 
irrigate. The soil pores at the bottom will be 
filled with water regardless of the container's 
depth. The deeper the container, the longer the 
column of 'pores which are filled witllair after 



Box 12.-5: Life Stages of Vegetables when /{de- 
ep/ ale Water is Critical 

the excess water drains away. The effect is that a 
shallow container holds less total available water, 
but is .more easily overwatered than a deep con- 
tained of the same volume. Therefore, .a large 
plant growing in a shallow container requires 
frequent irrigation but must have a well-drained 
soil mix to avoid overwatering. - " 

Plants grown in clay containers, which are 
porous, require more frequent irrigation than 
plants grown in plastic or metal containers. 
Some growers tap the side of a clay pot and 
irrigate when there is a hollow ring rather than 
a dull thud sound. The hollow ring indicates 
that the soil paix has shrunk away from the sides 
of the clay pot. Since it is not feasible to do the 
sound test with a plastic pot, you may feel the 
soil surface or pick up the pot and test its weight 
to determine wetness. , A hard soil surface, 
lighter colored soil, or lighter weight all indicate 
a reduced moisture content. 

Watering beds in the greenhouse will be. 
different than pots in several respects v If the bed 
is completely contained, be sure to make pro- 
visions for drainage. Drainage in beds will be 
much slower; the sides may tend to dry sooner 
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This is ooe scheme for providing drainage and collection trf excess water. Tubing runs from the bottom of'growing 
beds and tubs to a collection sump, AH tubing<should be recessed into the floor and sloped slightly into the sump, See the 
CET greenhouse in "The Freestanding 1 Greenhouse" chapter for a drainage system suitable for large beds. 

Figjire 12 -12: Drainage 'system. / 



than the center. If the greenhouse encloses the 
original ground so that it can be used for plant- 
ing, there will be natural percolation. The sides 
of the Foundation, ho.wever, wifi be fairly water- 
proof. If the soil outside is saturated or frozen, 



drainage in the greenhouse may be slower than 
expected. 

The most important step. in. / ^ateririg»i^ to.be,- 
thorough. Unused fertilizers migrate to the soil 
surface with the evaporating water. Unless the 




Phcjto 12»-6: 1niga/io>/, luirralloiies hislkiite. 

soil is watered thoroughly, the migrating salts 
accumula.te and may injure plant roots. 

When soil dries, it may shrink away from the 
sides of the container. To make sure that some 
excess water flows through the soil mass, it may 
be necessary to double-water. The first watering 
expands the soil mass, filling' the voids between 
the medium and containers. The second irri- 
gation leaches out the unused salts and wets the 
whole soil mass. 1 

Commercial irrigation meters may help you 
determine when to water, but you should be 
aware that they may not he consistently accurate. 
These meters all work on the same principle — 
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as a conductivity meter. They measure the flow 
of electricity (conductance) in a salt solution. 
Since fertilizers are salts, the dissolved fertilizers 
carry a current 'of electricity. The more fertilizer 
in solution, thd more^current is conducted. So in 
a cup of djstjilled water, most of them will 
register dry. Add a very small pinch of salt and 
the meter will move toward the wet side of th 
dial. As a soil mix becomes drier, the fertilizers 
in solution become more concentrated and the 
meter reads drier. If all of your 'media have the 
same concentration of fertilizer, the meter will 




Photo 12-7: C'lotnld-level beds and higher 
benches. Cape Cod Ark. 
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indicate relatively similar moisture for that salt' 
condition. Bi$t, if the fertilizer concentration 
varies from pot to pot, the meter reading could 
be indicating dryness when in fact the soil was 
wet but the fertilizers were more concentrated. 

Containers 

Greenhouse crops can be grown directly in 
ground beds if the soil has been prepared 
properly and adequate drainage .provided. Beds 
permit roots to range wide for nutrients. Most 
crops are' grown in some type of container, 
either raised beds 6r pots. Large plants with 
deep roots need a substantial volume of soil 
for adequate development. A mature tomato, 
cucumber, or plant of like size will need a soil 
volume equal to a gallon container. Seeds can 
be sown and seedlings grown in containers two 
10 three inches deep. 

Almost any material is fine, as long as you 
cvrf4te,jSomc drainage, hgg cartons, milk cartons, 
or'i^ther shallow , phvstic containers left over 
•ft^pr-:Iitchen use -can be used for seed starting 
or. , .for transplanting seedlings or cuttings. 
Qijart-size cottage cheese or ice cream containers 
can be used for growing herbs,' lettuce, cabbage, 
spinach, radishes, or strawberries to maturity. 
Half-gallon bleach bottles or ice cream cartons 
are suitable for mature dwarf tomatoes, yreen 
pepj^rs, eggplants, onions, carrots, beets, chard, 
or rhubarrx. Gallon tubs or larye fruit baskets 
lined with piastre-are needed for squash, cucum- 
bers, potatoes, and "standard-sized tomatoes. 
Drainage holes should be made in the bottofn 
of all] containers and additional holes- in the 
lower j sides of large containers. 

For most efficient use of space,, start seedlings 
together in containers and plan to transplant just 



255 




Photo 12-S: Shu.'fil ni -flats. transpLmled . tn cans . 
Circle. Montana. 

the number you need as they get larger. Putting 
small plants into big containers will result in 
much unused space. Beds use the planting area , 
well gince there is open sou between large plants 
which can accommodate succession transplants. 

I 

Growing JVfbedia 

Greenhouse crops will grow in a wicle range 
of substrates. Especially in such a small, arti- 
ficial environment, the growing medium you 
start with should be free of insects, nematodes, 
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weed seed, and disease-causing organisms. Good 
drainage and porosity are particularly important 
for pot-grown .crops. Remember; ,the smaller 
and the" more shallow" the container, the more 
critical it is to provide good drainage and 
porosity. * 

" Soil-borne pests such as insects, nematodes, 
weed seed, and disease-causing organisms are 
bqst killed by pasteurization, .heating the medium 
to 140° to 180°F.'for 30 minutes. Sterilization 
means killing all organisms while pasteurization ■ 
means killing only harmful organisms. The 
., following temperatures, used for 30 minutes, are' 
effective in controlling various soif pests: 



Pests Temperatures (°F. ) 


Nematodes 


120 


-Damping-ofF and soft rots , 


130 


Pathogen ic bacteria 




• and fungi 


150 


•Soil insects arid most viruses 


160 


Most weed seeds 


170 . 


Beneficial bacteria 




and some viruses 


180 + 



Aerated steam is best for pasteurization; few 
pepple l^ave equipment for this process, how- 

„ever^"Oyeh cobking is the-- next -best method. 
Be careful not to cook the medium too long or 
at too high ^teiopefatures. The reasons for not 

'USTng^TT2?F. ' heat (boiling) and long periods 
of ^time is that this high temperature kills the 
necessary beneficial bacteria that are essential 
wot the conversion of organic nitrogen^o usable 

/nitrate forms. In some soils, the hilher the 
temperature and the longer the soil is^eated, 
the more potentially toxic chemicals are released. 
Manganese and ammonium are among the most 
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likely chemicals to be" released at high tempera- 
( tures. ; Additions of gypsum to the medium be- 
fore planting, followed by leaching (thorough 
irrigation), will usually remove much of the 
potentially toxic ammonium and other salts. » 

For most effective pasteurization, the soil 
should be moist 'and have no .large clods. By 
keeping the soil moist for a few days before 
heating, weed seeds start germinating and thus 
are easier to kill. The smaller the soil particles, 
the quicker the heat can penetrate. That doesn't 
mean_you should make the soil into dust, but you 
should break up the larger clods. 
V Well-made compost should not need artificial 
''pasteurization. First of all, the heat of compost- 
ing may reach pasteurization temperatures 
(140° to 160°F.)^ Unless all parts of the pile 
reach thjs temperature>pest' control" will not be 
absolute, but it will be good. Second, pasteuriza- 
tion can cause loss of nitrogen, an essential 
. nutrient. Tend the pile carefully, let it cure 
well, and compost should not be a cause of in- 
sect o.r disease problems. Compost can be a 
valuable source for reintroducing many kinds 
of valuable beneficial organisms to soil that you 
have pasteurized. 

Perlite and vermiculite, which are us"ed as 
coarse aggregate amendments, should be sterile 
"in the bag, because these minerals are expanded 
at high temperatures. ^However, once the bag 
is opened, they can become contaminated.'* 
Coarse sand is a commonly used aggregate 
amendment, but it is heavy. In large containers, 
it will- be hard to work with and may hasten 
compaction. ' - . ' 

Do not assume that bagged or baled peat is 
free of harmful organisms. Although the low 
pH (3.0 to 4.0) of sphagnum moss usually 
reduces the chances- that if contains harmful 
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Test for Weed Killers 

If you have to buy soil or get some from 

-ydur neighbor's lot, and you suspect there may 

be some residue in the soil, youj can test it- to 

see if weed killer is still present. Prepare two 

flats of soil and mix 1 tablespoon of activated 

charcoal throughly into one of the flats. Plant 

some oats, 10 to 15 seeds, in each flat, with 

the germ end down. Water both and observe 

the growth. After the oats are up, reduce 

watering to induce stress on the plant. If both 

flats of oats look the same after 14 days, you 

can be reasonably sure that weed killers 

haven't contaminated the soil. If, however, 

the oats in the soil without charcoal become 

yellow and the tips, turn grey or twist; then.' 

suspect an hc f rbicidc\ Do not use this soil, l-'or 

a more complete test, divide the flat, sow 

tomato seeds in half of it, and proceed as 

with oats. Tomato seed "takes longer to ger- 

- minate but it is even more sensitive to weed 

killer residue than oats. 

' ' . " . . y 
(I*Tom Organk Gardening Under Glass, 

George and Katy Abraham} . 

Box 1-2-6: Test for Weed Killers . 

bacteria, or fungi, it does- not eliminate insects 
or weed scjed. Native humus peats also may 
contain harjmful agents. 

Loamy field soil shoul'd be used when possible. 
If you ' don't know, the land where you get it, 
be wary o£ possible contamination with herbi- 
cides often used on farms and along roadbanks. 

Greenhouse growing media are usually made 
from combinations of field soil, organic matter 
(cqmpost and peat), and coarse aggregates 
(ve^roicujite, perlite, sand). The heavier the 
soil, the more organic matter .should be added. 



Some typical mixtures are: 

1 part clay loam sojl 

2 parts organic matter 

2 parts coarse aggregate 

1 part loam soil 

\ part organic matter 

1 part coarse aggregate 

2 parts sandy loam soil 
2 parts organic matter 

13 These mixtures should be blended carefully 
without breaking down the larger particles which 
supply the pore space. 

Essential Mineral Nutrients 

Plants require minute to large quantities of 16 
1 essential elements. .When I was a student, only 
nine were considered essential, but in the past 
30 years, seven more minerals have been proven 
essential. Perhaps others will be added in the 
future as we learn more about the chemistry 
of plants — all the more reason to use organic 
materials made by,piants from all the things they 
need, instead of artificial preparations which 
contain only the things a man has put into them. 
- The essential elements are boron (B), carbon 
(C), calcium (Ca), chlorine (Cl), r copper 
(Cu), iron (Fe), hydrogen (H), potassium, 
(K), magnesium (Mg), manganese (Mn), 
molybdenum (Mo), nitrogen (N), oxygen 
(O), phosphorus *(P), sulfur (S~), and zinc 
(Zn). To determine the quantities of nutrients 
to add to your growing- medium," you. should 
have the soil tested. The test will refer to these 



j 
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Photo 12-9: Hydro/jon/r Beds. W'ttsh'ni^ton. D C. 

basic elements by their abbreviated names. It will 
also tell the pH of the soil, that is, its acidity 
(sourness) or alkalinity (sweetness). 

The carbon and some oxygen come from 
carbon dioxide (C6 U ). The hydrogen and some 
oxygen come from water (H 2 0). .Nitrogen .can 
come from the atmosphere, being fixed in the 
soil by legumes, or from decaying organic matter 
like hay, blood meal, or manure. The other 

elements are naturally occurring minerals in the 

•i ' 41 

sou. 

Decomposing- organic matter is also one of 
the best balanced sources of micronutrients or 
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trace elements such as boron, molybdenum, cop- 
c per, manganese, zinc, or iron. Deep-rooted 
plants' absorb" these elements and incorporate 
them -in their stems- and leaves. When these 
decompose, they release very small (trace) 
quantities of the elements slowly back into the 
soil solution in the range of shallow-rooted 
plants. Part of the growing medium should be 
composed of. leaf mold or compost to provide 
a source of the microelements. 

Plants need larger quantities of phosphorus, 
potassium, sulfur, calcium, and magnesium than 
can easily be supplied by decomposing organic 
matter alone. These chemicals are called macro- 
nutrients. Greenhouse crops - have difficulty 
getting sufficient macronutrients because their 
roots cannot extend Out over large areas as they 
might when planted outdoors. Since the green- 
house crop is grown in a limited volume of 
medium, it removes the available moisture faster 
and must be irrigated more often. The more 
frequent irrigations leach out some of the 
macroelements.' Consequently, more concen- 
trated organic supplements will stimulate greater 
vigor and growth. These; can be incorporated 
mi to the soil before planting 'or surface-applied 
(dry or in solution) aftec planting. Some of 
the sources of macroelements include: 

A. Nitrogen 

Manure teas will add nitrogen; potassium', 
some phosphorus, and 'trfice. minerals. Fish 
emulsion, blood meal, and seaweed concen- 
trates also make fine solutions (or tea) for sup- 
plementing nitrogen. Blood meal, fish meal, 
soybean meal, and similar concentrates along 
with dried manures can also be incorporated into 
the soil mix prior to planting. The amount of 
each nutrient these materials contain will be 

9 
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an- 



organic Hydroponics 



Organic hydroponics has some application in 
most solar -greenhouses. By hydroponics is 
meant any plant feeding thfft uses formulated 
nutrient solution rather t'hap just fertile soil , 
■and water. For the urban "gardener, a com- 
pletely hydroponic.system may be the best way 
'""to set up a growing area. • 

Qne reason is that container-grown plants 
will have less soil in which to forage for the 
nutrients they need. Putting organic forms of 
■these elements into an irrigation solution is a 
fine way to supplement .controlled amounts of ' 
the essential elements. 

In the city, enough good soil to stock a 
rooftop greenhouse is hard to come by. It will 
be far easier to carry the amount of vernlicu- 
lite and perlite needed to fill beds and pots up 
to tlie^roof__tlian a like* amoimrisf soil. The 
weight of an artificial medium will be much 
less strain on the roof structure. 

There are many ways to blend nutrients. 
Manure and compost teas are routinely used 
by all gardeners and certainly will do" as well 
for greenhouse hydroponics. r Know the com- 



position of the starting materials to get the 
right balance of nutrients for the plants you 
havey Watch the pH too. 

° At rooftop, gardening projects in Montreal 
and at the Institute for Local Self-Reliance' in 
Washington, D.C., organic gardeners have 
done well using a nutrient solution, made of 1 
tablespoon each of liquid seaweed and fish 
emulsion and 1 teaspoon of blood meal in 
each gallon of water. Both those experiments 
also report good results 'with a medium ofjjalf 
perlite and half vefmiculite to support the 
roots. In the ILSR greenhtouse^ the medium 
is a little more than a foot deep and con- 
tained in large plywood beds. 

Hydroponic containers should be water- 
proofed and well drained. There should be 
some provisions for collecting excess nutrient 
solution. If light materials like the expanded 
minerals are used, the surface should be con- 
tained in some way, for example, with a fabric 
or wire mesh to keep water drops or spray 
from dislodging particles of medium and dis- 
turbing the plants. Drip irrigation methods 
are commonly used to feed plants in com-- 
mercial hydroponic systems. " 



Box 12-7: Organic Hydroponics * 

stated on the. package, if they are sold as fertil 1 
izer. *Note that fish emulsion makes an alkaline 
solution. 

B. Phosphorus 

Bone meal, raw or steamed, is a source of a 
little nitrogen and 20- to 30-petcent phosphoric: 
aqid. ' Ground phosphate rock and colloidal 
phosphate respectively contain 30- to 50- and 
18- to 30-percent phosphoric acid. 

C. Potassium 

Wood ashes, are a good, though variable, 



source of potassium containing 3-* to 7'percent 
potash and 1- to 2-percent phosphorus. Granite 
dust and greensand provide 3- to 5- and~ J 6- to 
7 -percent potassium, respectively. Superior 
,greensahd deposits also contain iron, magnesium, 
calcium, and phosphorus. 

D. Sulfut 

Sulfur can be fixed in , :he soil from the 
atmosphere by certaiff bacteria. Industrial air 
pollutants often add sulfur to fields. Gypsum 
(calcium sulfate) is a natural soil conditioner 
and a source of both calcium and sulfut. , 
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E. Calcium 



Ground limestone is the main natural "source 
of calcium. The finer it is ground^ the, more 
readily available the" calcium.. For greerihouse 
grops, 80 percent of the limestone should^ pass a 
100-mesh screen and 50 percent should pass 
through a 200-mesh screen. Limestone additions 
should be based on „pH measurementsof the soil 
because it will make the soil more alkaline. 
•Each crop has a particular rSoil pH range which 
produces maximum yield and quality^ s 







F. Magneuutfi 



Ground dolomitic limestone is a natural source 
of both calcium and magnesium. ".You must " 
specify high magnesium , or dolomitic limestone, 
to get the 'hr^^ Vermic- 
ulite is a source of small quantities of mag- 
nesium and potassium, • 



Insects and Disease * 

These are an accepted part of greenhouse maim • 
tenance. The more, you can do to prevent pests 
from getting^ started, the further ahead- you 
will be. The first step, in control is. to be a good ' 
obsenfer'and identify the ' pests properly: Get , 

a ,goodl 10 X magnifying glass and carry it with 
you when you go into the greenhouse. TnsrMt 
the plants each day. You "should take a close 
look at both tops and 'bottoms^ of leaves, 'the 
stems, and roots at least once .a. .week. Many 
times you can 'eliminate pests 'if y6u find and 
manually kill the first few* invaders before they 
get a foothold. v 

Sanitation and cleanliness-^ kitchen cleans — 



.->. 



. go a. long way toward prevention,. -Besides 3?ing '. 
resistant varieties and rotating- crops" it's about 
your only reai defense against disease. Insects 
•and previously infected" plants are often- the 
carriers of ^disease*, especially viruses." Here 
are a few reminders: J • * . 



Clean up trash in and around the green- 
house.- Slugs, snails, and, other pests lik.e° 
to. 'hide in trash. That holds for ''weeds, 
too. Many insects and diseases live on the 
weeds which can be- a continuous source 
of these pests. - 
Pick off dead leaves and discard infected 
plant parts, if severely Jpfectedj-discaTrd 
whole plants 'latlier than risk contaminat- 
ing the whole greenhouse. 
Keep the air circulating. Stagnant air can 

„ promote and be a source of disease organ, 
nisms. Keep plants well spaced for good 

° -air circulation.. ' * . 
Use only - disease-resistant plant . L varieties. 
Isolate [few plapts for observation before 
•bringing them into, the greenhouse. 
Use only sterUe<eontainers and pasteurized 
so,il .mixes. Before reusing; -pots, clean, off 
all soil particles. Then boil or soak.- them 

\ in a solut .iQjj^o£j^^f^€lofox-to- 10 part: 
water for SQ minutes, ^Sterilize tools -afte|p 
working, with any suspected ,'tfisease.c 
plant. ,: ^v>- ' .. . : 
fclang up , the watering hose to keep fror 
spreading diseases which might be, picked 
up ..On the end of the' hose nozzle. 1 
Wash hands and. use washable . aprc 
for the same reason. • ft. 
Do not smoke in the greenhoupe. ; Vix 
are. spread from tobacco tcafother 
especially tomatoes. - ^ ^ 
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PICTORIAL KEY TO THE COMMON 
GREENHOUSE PESTS- 

' — I r 



"INC- 5 



CLEAR OR HHl It 
WINGS 




1 

lit KIN 





lUNGlli UHAT 



5 T;, wi THUUT lE G S 
SNA I i -t I M 

SI. Al t ■ I I Ki 



f L ONGA tl 



SHORT BODY WITH 
-1 TO d PAIRS OF 
LEGS 



^-VESV SMALL * LONGER THAN 

/I6 MlCfr-GR^LESS' ' '.'''6 INCH 



LONG BOD' hITm 
MORE THAN 8 PAIRS Of 
LEGS 



1/4 TO 3/1! INCH i/2 INCH OR LARGER 

tilTE. CENTIPtDE-l IKE GREy . DRQwH, REDDISH 




oval, grey Elongate 

BROWNISH OR REDD I 5m 



:1. .... 



t>EAf»- SHAPED CVLINQPfCAL * OVAL 

Vi'i Th[N LEGS AND JUHP WHEN TOUCHED WITH WHITE WAXY 

AKTEUNAE COAT INC 





SHORT LEGS 
SLOW RUNNER 



"A > 1 -i I >E 

Hi Tt bOO- Wl Tm 



KITE BOD* Hi' 
BLAC f HEAD 




Identification land Control of 
Insects and Animals 

Aphids ' (plant lice) suck plant juices and 
excrete honeydew on Which may grow a black 
fungus. Aphids give birth -to living young. Ants 



use. aphids as we use** cows and will carry therh 
from one plant to/ another." Aluminum foil 
around a plant will not only reflect more sun- 
light onto a plant, lout also confuse some insects. 
Aphids fly into /the foil 3 land upside down, 
and are not ■-able' to fly away. Some think "the 
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<t - 1 ;* - " ■ 

aphids see the fo;l as the sky and try to fly Thrips are tiny, white, transparent jurnpirig 

towards it. Ladybugs are predators of aphids. insects that-are hard to ca±h. They rasp off the 

Nicotine spray gis a good natural chemical con- top Wps of plant cells .causing damage and 

trol. Don't use , tobacco juice on tomatoes. provrafng points*' for disease invasion. They 

Gnats (fungus or root gnats') are small -black'- j usually don't stay around very long but can be 

flies,- the larvae of which feed on plant roots. very damaging in a short period of time. Pyre- 
Tobacco juice (nicotine) and vinegar have been thrum and rotenone may scare, them away, 
used as soil, drenches for suppression of the White flies are small flies that look like a 
larvae. Starting with pest-free soil is* the best miniature snowstorm when present in* large 
control. „; ' populations. 'They hide on the underside of 

Mealybugs are," white, cottony-like small in- leaves where they lay eggs. Try attracting them 

sects which suck out plant , sap. and secrete a with .pieces %t yellow paper or cloth, then sweep' 

" honevdewJ._ rr ^pf ay with nicotine, pyrethrum, them, up with a vacuum cleaner or paint the 

Naphtha soap, or touch each insect with .a cotton yellow surface with a. sticky substance such as t 

swab- soaked in rubbing alcohol.* Ced-O-Flora oil. Also consider trying a -parasite , 

Spider mites (two-spotted or red spider) are called Encarsia formosa. 
microscopic *sized mites (not spiders because ^ Wotms or caterpillars can be controlled with 
they have six legs) which suck out plant juices. Bacillus thmingiemis, a bacterial disease spe-. 
Mites do not like waters or low temperatures. ' cificaljy harmful to certain . caterpillers. §tfains 
Syringing the undersides of leaves with a strong are available under the names Bidtrol, Dipel, and 
stream of* water will dislodge them. Adding. Thu.ricide. This bacteria, is believed to be non- 
soap or detergent to the water will help water toxic to humans, animals, fish, or birds. 

penetrate their webs and the trichomes , ( hairs ) r ^ * ' 

jtfiome^pto^^ Control Methods 



to 10 ounces of water. 

Nematodes (eelworms) are microscopic, Once a population of insects gets hold in the' 

^transparent worm*- that invade plant "roots and greenhouse, it will be much harder to eliminate 

cause knots on the roots. * Pasteurization of the them than 'killing individuals. Thfey will be 

soil' and^clean plants are ? the b est m ethods of present in all stages .of growth from qgg» through 

prevention. Destroy infected plants and throw mature adults, and some of the 'stages w,i 11-- be 
out the s soil. Jurrotjinding their roots. . \ almost impossible to find. More active controls, 
" I Slugs are slimyl greyish animals. ' ^As they probably a combination of them, will be neces- 
• crawl,' they leave a - glistening trail Avhich is sary to control ah epidemic. Though they h|ay 
easily seen by flashlight. Slugs eat plant leaves, never be eliminated until you close the green- 
roots, and flowers. Yeast cakes, rubbing klcohol, house down to freeze, cook, or starve them out, 
and beer are favored . foods and so make good constant, attention, can .reduce^ their numbers fto 
baits. Put a layer of table salt in a can or jar levels* your crops can tolerate. ' : | 1 
lid, .and add yeast or alcohol. Slugs will also Predators include ladybugs, praying mantis, 
crawl into lids full of beer and drown. braconid wasps, green lacewlngs, trichogranjima 
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wasps, frogs, toads, and salamanders. Some 
- will'e7aTronly one type 5f pefct insect. There 
must always be a supply of the prey for them 
to live in the greenhouse. Predators ,are not 
cheap nor are- they always easy to get. 

fDevise traps for the insect:;. ' .A few have 
been mentioned. Observe the j test's habits and 
give the problem some thought. Sometimes', for 
example, they will show great preference for 
-one kind of plant. If these are 1 >rought into the 
^greenhouse, the pests will gracually move off 
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crops and onto their favorite. Periodically dis- 
card trap plants as they fill up with pests. 

Natural plant chemicals are biodegradable, 
that 'is, they break down quickly. The application 
must be repeated otteh. The best of these are 
robenone, nicotine^and pyrethrum.. 

Marigolds, garlic, chives, various herbs, and t 
other companion plants may repel certain insects. 
.The best way to learn which to use -is trial, arid 
error. 1 V 
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Chapter Thirteen 

Crops for the Solar Greenhouse 



John White 



As you plan a planting schedule, keep in mind 
"' that no matter what the region, you have two 
' distinct crops in the solar greenhouse. First 
are the plants that you will grow for harvest in 
the greenhouse, and there may be some of these 
all year long. Then there arc the transplants 
you start for the garden outside. You must 
reserve space or be ready to make plenty of room 
for these. In warmer climates, the solar green- 
hoirse may be cleared out in the summer months, 
except perhaps for rooting cuttings, because it 
gets so hot and the outdoor season is long enough 
that it isn't needed for food then. In the North, 
.the greenhouse may stay chock-full all year. 
Juggling the space for the cropping cycles may 
require several seasons before you feel comfort- 
able with a system. In any caso s a solar green- 
house is likely to mean more intense gardening 
activity over a much longer season rather than 
quiet puttering on a January evening. 

For .the kitchen, the greenhouse wi41 bring in 
a longer harvest of your favorite vegetables. It 
can be managed like a storehouse of living food 
it the vegetables planted to mature in late sum- 
mer and picked into early winter. Almost every 
region can count on salads and some "reens 
through the winter, from the reports we have 
received. In spring, the variety of food will" start 
again in the greenhouse and continue from the 




Photo 1,3-1: Mat ine crops a>fd garden aeeeithigs 

large transplants you, can produce for the out 
door garden. • 
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Photo 13-2: Late-summer planted kale, spinach, 
and lettuce in early spring. 




Photo. 13-3: Lettuce 



in so 



lar'pod. 



-Begin with those crops you an 3 ,your family 
enjoy eatihg as you plan what to grow. It may be 
easy lo grow radishes in winter; but why plant , 
a lot' of radishes if you' 'don't .particularly like/* 
them? Some crops fill ' 1 too much' space with 
'leaves for the amount pf fruit they produce. Ex- ■ 
cept for an occasional treat— -cantalopes, or green 
soybeans in the far North-Cleave crops ~v of ' 
pumpkins, squash, com, ^potatoes, lima beans, 
and fennel to the outdoor garden. 



Though all this planting and transplanting 
might sound slightly mysterious, "it isn't. Any kind 
of gardening which involves <% wide variety of 
plants simply requires some experience. Start with 
a cold frame, and learn how to winter carden 
The scale can be small or large with cold frames. 
Use one or several bed-sized frames. Work your 
way into a walk-in sized frame. The cold frame 
can provide you with" a substantial amount of 
food — that is determined only by its size. Crops \ 
like kale, collards, eirdive, lettuce, parsley, and 
chives will thrive well past the first freezing 
weather and begin to produce again in the first 
days of spring inside a cold frame. 'The experi- 
ence will teach you which cold-hardy crops you 
like, as well as timing for both winter gardening 
and starting you own garden plants from' seed. 
Leandre and Grctchen Poisson "have picked let- 
tuce all tlixough ( Ncw Hampshire's winter from 
a solar cold frame. They also report that 
tomatoes, peppers (heat-loving plants), and 
leeks sown --directly into t he ground under a cold 
frame germinated and grew into fine plants 
lor the garden. Depending on your climate 
and preferences in vegetables, -some kind of cold- 
frame system may be all you need. A cold frame 
is also a useful tOjil f(|r hardening plants 
for the garden as they a'r£ ljeady to move out 
of the solar greenhouse: 

Accept the natural -rhythm of seasonal change 
and _ plant growth eesponse to the changes. 
•' Passively -heated solar greenhouses have. greater 
temperature variations than those' with 'back-up 
heat sources and automatic ventilators. The 

■if 

vegetables you grow .Aiust tolerate these ex- 
tremes. Although- some crops may grow well in 
■areas with more winter sun, growth will still 
be slower than in spring or ( fall because of 
shorter days. Growth will slow ''down in mid- 
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Photo 13-4: Chinese cabbage and pun ley (CUT)'. 



summer too, if there is heat stress. A cool-season 
crop is more than one that grows best with -cool 
temperatures. The flavor of 'many of these crops 
is significantly improved if they, mature when 
it's cool. 

The length of day has a major effect on the 
growth habits of some vegetables. Chinese cab- 
bage and some varieties of spinach or radish 
"bolt" (set flowers) when the days are longer 
than 1.2 hours. These crops do well when 
planted so that most of the growth occurs as the 
days arc -^getting snorters Some of the newer 
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nonbolting radish varieties can be grown in the 
spring and summer. 

For vegetables grown to harvest in the green- 
house, the early-spring crop is the most produc- 
tive in any region because days are lengthening 
as the crop matures. Plants seem to start grow- 
ing faster after about the 21th of February, as 
the days approach 12 hours of light and the 
nights begin to warm slowly. So these crops 
shoukl be ready to transplant in,to individual 
containers around the end of February. This 
mean's sowing the seed a mo£?h earlier, perhaps 
under fluorescent lights if the days are heavily 
overcast. 

Transplants for the garden, of course, should 
be started in accord with the date of your last 
average frost. Seedljngs transplanted into con- 
tainers can be grown quite large inside before 
transplanting with little shock. However, 
growth won't be rapid until outside soil tern-' 
peratures warm to the plant's liking. Be sure 
to harden the plants off before moving ...them 
into the garden ( See Box 13-1). 

The tall and winter food crops in the green- 
house should be started early enough so that 
plants arc well established and fairly large be- 
fore October 21. After October 21, the days 
are much shorter than the nights, the green- 
house ^admits, more direct light, and the night 
temperatures are harder to maintain. Most of 
the fall crop should either be sown in August or 
moved in from the outdoor garden before the 
night or soil temperatures fall below 1 each plant's 
desired minimum. The biggest problem with 
bringing crop's in from the patio or garden is 
the risk of '-'bringing insects and. disease, too. 
Check them carefully. 

Somc_of the winter crop can-be started in the"' 

fall. These two crops tend to overlap. Long- 
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Planting Chart for Greenhouse Vegetables 
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* pole snap 


6.8 


1 1/,-2 
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NT 
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6.0 


iy-,-2 


5-8 


3-6 


7-12 


NT 


60-SO 


70-80 


pole lima 


6.0 


1^-2 
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6-10 


7-12 


NT 
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6.2 
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NT 
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1 0-r l l 5 


2 
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NT 
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"/> 
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3-1 


5-7 
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'6.2 
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3-10 


1-6 
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65-80 
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6.5 
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8-10 
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5-7 
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6.2 


Vz 


8-16 
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Carrot 


6.0 
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Cauliflower ' 
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1 


3-6 
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DA 


* DA 


95-120 


DA 


plants 


6.0 


2-3 


" DA 


2-1 


DA 


DA 


95-120T 


DA. 


seed 


6.0 


Vz ' 
.V-i-Vi 


75 


" Vz 


7-12 


8 


100-165 


60-75 


Parsley 
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8 
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55-75 
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7.0 
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\/a • 
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10-20 


6-8 


60-80T 


70-85 


7.0 


Vz 


14-16 


1-2 


3-10 


NT 


20-50 


60-80. 
60-80* 


Spinach 


6.5 ■ 


Vz- 


'10-12 


2-1 


6-11 


NT 


10-65 


r Malabar 


ND 


Vz 


4-6 


12 


ia 


NT 


70 


60-80 


> New Zealand 


ND , 


11/, 


•1-6 


IS 


5-10 


NT 


70-80 


60-80' 


tampala, 
Tomato . 


ND 


Va~Vz 


6-10 


■i-6 


\ ND 


NT 


21-42' ' 


60-80 ' 


6.0 


Vi ■ 


■ 6 


18-3,6 


' \6-11 


5-7 


55-90T 


65-80 



T Number of days from setting out transplants 
NT Not normally transplanted 
ND No data ' 
DA Does not apply 



f ■ 



Box 13-1: Planting Chart for. Greenhouse Vege- 
table 
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Photo 13-5: 



Spinach ft<>\ 
Pennsylvania. 



salads. Maxataini) . 



term vegetables like tomatoes, peppers, onions, 
and Brussels^ sprouts arc best started in mid- 
summer so they can reach maturity in fall. ( old 
tolerant plants such as the cole crops, lettuce, 
endive, parsnips, artichokes, and spinach can be 
started later for reaching-maturity- either in fall 
or in late winter. The cokl-tolerant vegetables 
grow slowly but are not harmed by the low light 
and occasional cold nights ifl .midwinter. Brought 
to maturity, in mid-autumn, the food will remain 
fresh (though growing little) until .you need 
it. V 



In some parts of the'eouptry in the summer .the 
solar greenhouse "might not be used'. except f6r 
' root cuttings or tropical house plants.! 1 However, 
there-are special situations or regions wljere the 
greenhouse may be necessary for certain summer 
• vegetables. At higher clevatiotfs or wherever 
'the temperatures drop into the 50s at night, sojnc 
.crops -will not develop properly. In these cases 
you may want to try 1 growing melons of . all 
kinds, sweet corn, cucumbers; okra.*, squash,* 
jiep|x.-rs, eggplant, and .tomatoes in the green- 
. house. Be'snre to" open the house ifp* during- the 
'day for cooling and. for alIo\vjn t q*ari$ccts and 
wind to pollinate these crops. ■ ■ ' ' V- 

When the greenhouse is closed tight, f crops: 
such as squash, cucumber's, tomatoes, 'and straw-- 
berrics/.can be hand-pollinafed. Tomatoes and 
.strawberries need only. be flicked lightly" with 
your finger: Squash or melons require the trans- 
fer of pollen from the male flower to. the. female 
flower. Some ; people use a fine-bristled .'paint-- 
brush, .and others-, use a-' chicken Feather- its a 
pollinator/ '.Cucumbers ,a| : sc.\ 'have male- and fe-^ 
male (lowers, but jiia-ny. Qt^he pexycr European ' 
varieties will grow ; ifruft' ''XvitHout fertilization, 
Some plants do noVset fruit even- though they 
'have *been properly , pollinated. . Factors' which 
affect pollination and fly. fruit 'developnient'arc? 
the variety, temperatures ^ |u|h' '^abo^ti' 90°l|.) : 
or '• low (below 5f)lF:)|^relati^. >imid]ty, 
and soibrelafed stresses.. -For best fcrtili?aiiQ,DJiid- 
fruit set of peppers, tomatoes," eggplants, 1 and 
some hearts; t keep the. aX c tempe gfttoti . ket\g'e'er* .. 
60° and 80°F„ the 'Soil moist,' and relative hu- 
midity between -10 -and 60 'percent, and. -avoid 
adding t6l5~'''rTiuTn1fgrtilizer in the soil. ' 
■ Here is a scheme fd:r*„planting-se<£d of selected 
popular vegetables ftr;a* solafr t g"r,eenhouse for. 
jear-rou.nd .cropping. - • •• 'I ' ■ 
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Seasonal Effects of Light arid Temperature on Rate of Growth in 

Solar Greenhouse 



Recommended Crop 
Temperature. (°F. at night) 



/ 
/, 



65 
55 
45 



"• 6 1 

55 
. 45 



Actual Average Temperatures (°F. at night) 
45 . 55 

Midwinter (lpw light) 
Added Time from Sowing Maturity ( % ) 
100 ; • : 50* 

50** ' t 25 ' - t 

25 j/ 0* 

Spring or Fall (good light) 
Added Time from Sowing to Maturity (%) 

50** 25 - 

25 ; / 

0* 



65 



25 • 
0* 
0* 





0* 

0* 



/♦Cropping time may not be lost when higher than normal temperatures are used, but quality may be reduced or 
/the crop may not mature properly. - 

/ **If a crop is 'supposed to mature in 25 days, 5.0-percent added time means it will take -rrbout 37 days to 
.reach the same stage of maturity with the lower* temperature or light' conditions. 



Box 13-2: Seasonal Effects of Light and Temperature' on Rate of Growth'iu Solar Greenhouse 



Summer 

Seed in f itly 1 ' 

tomato (for continuous harvest ). 
pepper ; 
eggplant i 
Brussels sprouts 

Seed in A)/ pit st . 

cabbage (for ^continuous harvest) 

broccoli 

kale 

kohlrabi ' 
lettuce 

parsley , 
spinach (for early-winter harvest) 



Fall : . 

Seed in September ; 

Chinese cabbage (for late-winter harvest) 

celery _ • 

Seed in October ■ > 

lettuce (for continuous harvest) 
fall radishes 
dandelion 

herbs (for garden transplants) 
onions, leeks » 



Winter 

Seed in February 

beans (for spring harvest) ^ 
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spinach 

cauliflower (for spring harvest or garden trans- 
plants) 

chives " 

chard 

tomatoes 

.peppers . 

eggplant 

broccoli ' , 



Spring 

Seed in ALiy 

cucumbers (for transplants to the garden or 

.summer greenhouse harvest) 
Vjuash 
melons 
eggplant 



pepper . 
pumpkin 



corn 



Of course, there will be overlaps in the plann- 
ing and -haxvestin^g season, as outlined, depend- 
ing on "the 'climate irr your region. Optimum 
planting dates may. be earlier or later. For some 
vegetables, successive sowings may produce tlfer 
best results. 

TheTpTan Pragtree farm is following is .an 
interesting, example of whaf the greenhouse 
might do for gardeners on .the mild but ex- 
tremely cloudy Northwest coast. _ The gardeners 
at the farm plan two ^distinct crop^ Cold-hardy 
vegetables^such as lettuce, spinach, and Chinese 
•cabbage are established in the fall for harvest be- 
ginning in late winter.' Heat-loving vegetables irw 
eluding melon, cucumbers, tomatoes, and the like, 
are barely productive in outside gardens around 
Seattle. , Melon's usually won't mature without 




Photo 13-6: 'Beets, lettuce: turnips. Flagstaff, 
Arizona. 



great pains to shelter them from both early and 
late frosts. Cucumbers are" set into the green- 
house at the end of April, and melons started 
some time near' the end of May. Eggplants, 
tomatoes, and peppers are usually killed by frosts 
right in the middle of fruit ripening. In the 
solar greenhouse, they are planted in June just- 
as soon as the large crop's of late-spring greens 
are harvested. Fruit can continue* to ripen until 
December. 

Here are details for growing some of the mast 
popular vegetables .'in a, solar greenhouse, with 
with emphasis on winter conditions. Whenever 
possible, the "experiences of gardeners wher have 
tried them are included.-- . 



Bean 

Beans need at least 60°F. soil Jternperature for 
( germination. Beans a-se quite productive 'for 
the space they require. At least 10 plants are 
needed for three or four servings for a .family 
of four. A ^10-foot row^ill produce about 5 
pounds of pods>0£-44^> pounds, of shelled' beans. 
An intercrop 'of lettuce? or radishes can be used 
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between rows of beans. Bush beans, either snap 
or lima, are best for container culture. Climbing 
beans grown on strings do' well against a white 
wall. Sow seed directly in a small pot for" 
(\ransp la n ting laj£r . 

- CET tried a late-winter sowing of beans, but 
they failed to germinate. In cold areas, no kind 
of beans will do well. They need to flower to 
fruit and so low light /nay be a problem .with' 
some^types. An early-spring' sowing should set 
pods well as days lengthen. The solar green- 
house can also produce long-season beans like 
soya and lima where the outside season is too 
short. • ,. 

\ 

Beet 

Beets are an easily grown cool-season crop which 
should be sown directly in the contamer. The 
container should DC at least H inches deep to 
produce full-size roots. Sow thick and eat the 
thinnings. Both leaves and roots are edible and 
are best while, youngs' Yellow beets are often 
sweeter than the red and they don't, bleed. 

Beets need sweet (alkaline) soil, but if you 
use too muchylimestone, essential boron may be 
tied up. Bccts\do well in soils high in organic- 
matter, even straight sphagnum moss peat if it's 
properly'limcd. A 1 0-foot row at 4-inch spacing 
should produce about 10 pounds of beet roots. 

To date, beets haVe been a popular choice for 
solar-greenhouse gardeners because" they do well 
in cool weather. However, beets have produced 
greens rather than rOotS" during the coolest 
months. The leaves tend to be thin and grow 
slowly. The^y are excellent. for salads, but won't 
make many ^meals as potherbs, in the Mtixa- 
tawny greenhouse, three-mo\ith-old beets yielded 
roots the size- of golf balls in 'early April. 
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Photo 13-7: -Healthy chard, heat storage, maxi- 
mum* use .of space. Cape Cod Ark. 



Carrot 

> They are a cool-season crop which should be 
^ sown directly in the container. Carrots grow well 
in soil-less media such- as sphagnum moss peat. 
A 10-foot row will produce about 10 pounds of 
mature carrots. If carrot fly is a problem,' try 
intercropping with sage plants. Hot weather 
and dry soil will retard growth and cause a 
strong flavor. Sow thick; thin to one plant every 
2 inches. 

If you have room outside and carrots grow in 
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your, climate, they are best planted so that they 
mature before the first frost', and should be left in 
'the ground. Covered with hay to prevent freez- 
ing, carrots of excellent quality can be dug as long 
as' the ground is soft. In short seasons,, carrots 
will do well started early in a bed covejfed by a 
cold frame. 

Chard 

t 

Chard is a member of the bect family" which "is 
grown only for its leaves. It's an easy crop to 
grow most of the year. The leaves can be picked 
continuously, but-seem to be at their best when 
. nights are co.q}' and days sunny. It can be used as 
•a potherb or in salads. Ruby or rhubarb, chard 
make beautiful centerpieces when grown in an 
^attractive 6- to S-inch pot. Grow it just like 
beets. 

Chard has "proven quite popular so far among 
solar-greenhouse gardeners. Large plants 
\ . broug'ht in from the garden continue to produce 
leaves regularly. Growth will slow when the 
sunlight is lowest. New Alchemist Kathy Ryan, 
observed that chard seedlings- started for the 
greenhouse in early fall appeared-more vigorous 
than the mature plants that were transplanted 
from the garden. 

: : \ " 

Cole Crop (Brassica Species 
or Cabbage. Family) 

For true winter growing, the cole crops are king 
in solar greenhouses. The group includes broc- 
coli, Brussels sprouts, cabbage, cauLiflower, 
Chinese cabbage, collards, kale, kohlrabi, and 
mustard which are all members of the cabbage 
family. All tolerate cold weather and can be 
stored after harvest for long periods in the 




Photo|. 13-8: Cole crops. Maxatiiwny, PetinsyV ■ 

X fiVllil. 

% ..... 

refrigerator. Sow the seed about six weeks prior 
to transplanting them into the final location. 
Most m|mbcrs of the cole family arc susceptible 
to a slinjjc mold called club root. Large growths 
.on the* r|ots cause the leaves to turn yellow. The 
disease firganisms can persist in the soil for 
several years and for this reason, cole crops 
should, always be planted in virgin-soil. Chinese 
cabbage, collards, kale, and mustard will produce 
the most .food for the size of the plant. Kale and 
mustard Ivill last .well into freezing weather in a 
cold' frame and will begin producing again 
• quite early in spring. 

Broccoli can.be harvested over a long period. 
•After the: center cluster is cut, the side shoots 
develop clusters for a month or more. They tend 
to get tough and stringy during hot weather, To 
c?arly-spring and fall crops are better than- mid- 
summer. E\ach plant will yieldabout 10 pounds. 

In the greenhouse, the Brussels sprout is al- 
most a perennial. Twist the. leaves off from 
beneath each sprout as it reaches maturity. The 
fruit matures in sequence from the bottom up 
as long as the plants don't freeze, so they should 
produce well in the sokr greenhouse. Ten 
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.---pteifif should yield at least 10 pounds of sprouts. 
Start plants in midsummer. | /. 

'Cabbage arc heavy users of. nitrogen fertilizer 
so keep them well mulched with manure. 
Cabbage heads 'tend to split open when they 

. mat u re i n ■ -wa rnv ■ wcathe r. To - - reduce 'split! ing. 

hold back on water near maturity. A cabbage 
head will range from -2 to 6 pounds in weight. 
Bolting (producing flowers )* can occur if young 
pknts~irc exposed to 50°F. or less for two dr 
more wc^eks. * _ _1_ 

Cauliflower is more demanding in temperature 
control than cabbage or broccoli. They will not 
head properly in hot weather nor tolerate as 
much cold. For uniform heads, use a soil high in 

r 

humus and keep them moist at all times because 
the heads are about 95-percent water. Most 
cauliflowers need to be blanched by shielding 
the heads' from the sun. This is done by tying 
the outer leaves over the head with a string: A 
well-grown cauliflower head will weigh about 
one pound. Radishes, lettuce, or bush beans cari 
be intercropped -with cauliflower. Start with 
radish or lettuce^ then, cauliflower, and follow 
with beans. CET reparts-^grear success ' with 
cauliflower, harvesting -rt-inch heads in mid- 
April, 3'm months from seed. , j 

The term Chinese cabbage refers to a number 
of different greens. They all tend to form 
'flowers during long days and warm weather, jj/lt. 
ijs best grown as a fall-winter crop. Pragtrec 
jtarm harvested a fine fall planting by the c'nd? 
|of February. . •. ([' 

Some people think of collards, kale, and mus- 
tard as hog food, but where I grew up in south- 
eastern Oklahoma, they were mouthwatering, 
early-spring or late-fall vegetables cooked with- 
ham hock. They were served with their vitamin- i 
rich juices poured over cornbfead. Collards >vill 
tolerate more , hot weather than kale and nWc I 




Photo 13-9: Clmibinu cucumbers. Pom Style. 



cokj than cabbage. The flavor of kale is im- 
p roved by a light frost. Each plant yields about 
'.j to J pound of leaves* The leaves of some kale 
arqa^>rnamcntal, curled or fringed and ranging 
from dark green to bluish purple. 
I .; Kohlrabi, although turnip shaped, is not a 
root crop and This x far "mote: delicate flavor. I 
saw -a purple kohlrabi in a solar-heated gree/i* 
house in Los Alamos, New Mexico, that was at 
least six. months old. It was about two feet high, 
very, attractive, and had dozens of small rabi 
sprout's coming off of the main stem. I believe 
•it could be considered essentially a perennial in 
.'the greenhouse. Although the average yield' is 
| about ](, pound per jilajiL^the-oiic in Los Alamos 
j must -have weighed 5 pounds or more. 

j 

if 

I Cucumber 



1- i 



I Cucumber plants need warmth, high humidity, 
sunlight, and high soil moisture. The solar- 
cheated greenhouse "in late spring, summer, j and 
v early fall is nearly ideal for growing cukes. 
Starjt picumber seed in peat pots and transplant 
in 'Ilpbut jfour weeks to at least a gallon con- 



Si, 
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fainer.j-They can trail on the ground, but grow 
best - if given something to climb. The older 
varieties of cukes ] require insect or hand- 
pollinition and their acidity .causes burping. 
Some newer varieties wjll develop without 

-pG>14-i^atioa.and...are burpless. ; """ 

Keep cukes well watered and well fertilized 
because they grow fast and produce large leaves. 
Cok} water may cause wilting, while hot. water 
ca|n burn the roots. Well water may be too cold, ■ 
while water laying in a hose exposed to direct 
sunlight might be overheated. 

i Cukes are susceptible to mildew. Syringing 
-tHe leaves iri~ -the morning will help to control 
mildew by washing off the mildew spores. Do 
not 'syringe in the afternoon or evening when 
moisTure-will remain on the leaves overnight. 
Select varieties which 'are virus resistant .and 
control the virus transmitting aphid and striped 
cucumber beetle.. Syringing the underside of the 
leaves helps control two-spotted or red -spider 
mite. Pull off the leaves below the fruit as it is 
picked. . 

Don't worry about the first flowers not setting 
fruit. TRFThale flowers open first and fall off, 




Photo 13-10: Eggplant and peppers. Pragtree 
Farm. 



then female flowers develop. There'are usually. 
10 to 20 male flowers for each female flower. 
. AfeCuarmber plant should produce about 10 
pouwds of fruit per season, except Zeppelin, 
, which may produce, several 10-pound fruit. 

The solar greenhouse will be an excellent . 
source .of both early and late cucumbers. In 
extreme northern climates, you may get an abun- 
dance of cucumbers for the first time this way. 
The same holds - true for certain squash and 
melons, like cantalopes.. The culture of these is, 
nearly identical to cukes,- except they may not 
climb as readily. Lqojc for i early^ and bush 
varieties. \ : . 

Eggplant 

Eggplants must, have warmth and moist humus 
-soils. "The seed won't germinate at less than 75° . 
and do't5est when kept at 80°' to 90°F. At the 
least, a sojar greenhouse will bring an eggplant 
crop in much ^irlier and extend it greatly. 
Pragtree Farm (48°; north latitude) harvested' 
eggplant in November in a double-glazed but 
uninsulated dome much like a large cold frame. 
Sow in peat pots and handle carefully when 
transplanting. ' Fertilize with •fish,^ emulsion 
monthly. Harvest the 'fruit before it loses its- 
shine; picking before seeds mature will encour- • 
age steady -production. Two' or three healthy 
plants will supply a family's needs. Eggplants 
grow slowly, so radishes and lettuces can be 
grown in the space around them when they are 
young. . ■ * 

Lettuce 

A solar greenhouse *can provide lettuce through 
the winter in- most regions that we have heard r 
front In far northe'rn latitudes and areas with 
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heavy cloud, cover, supplemental lighting may be 
necessary for a month or two.. Vruly fresh lettuce 
in the middle of winter is'a treat you must grow 
yourself to enjoy. Many of tile finest, varieties - 
are just too perishable to be seen in the grocery 
store. All of the lettuces prefek cool tempera- - 
tifres and need partial shade in the summer. You 
can grow four . types: Crisphe^d (Iceberg), 
Butterhead, Leaf (Bunching)^' qr Cos (Ro- 
maine).. A midwinter ( October-sowri ) crop may 
take twice as long to reach maturity\as a spring 



\ 




Photo 13-12: Lettuce Trials. Cape Cod Ark. * 



(Marcb-sown) crop ( see Box 1 5-2 J . . Yields 

average up'to % poqnds for leaf types and 'up to" 

2 pounds for head types. Endive can be used as a 

lettuce substitute. . . ' ' 

The leaf lettdces grow fast. You can eat. the 

tlunnings ^and then the outer leaves as they' 

develop. Leave plenty of space between the 

heading types or you will get small heads. One 

plant per gallon cpntainer is enough for final' 

spacing of -the head type. Water" is, most critical 

as the inner heads begin to swell' :and even one 

day of dry soil cap make the leases tough and 

bitter tasting. The variety Anita-is' fairly resistant 

to mildew, tip "burn, rot, and bolting which are* 

the most common'problems. . ^ 

In the Cape Cod Ark, New Alchemist Kathy 

Ryan has given -special attention to eight lettuce 

varieties to see if there is much dtffcrence for 

winter gardening. On the results so far, she 

recommends Ruby and Bibb. 

In Flagstaff, Dave MacKinnon picked about,. 6 

pounds of leaf lettuce beginning at Christmas 

and continuing steadily through January from a 

space just 10 feet .square. ^ 

•* 

( .. -.' 

• Onion * , ' • 

Onions' grow tops during the cool, short days 
-and bulbs'during warm,- long, days. Varieties are- 
classified by tteeir day-length response. Northern 
varieties usually form bulbs, with. 1 4- to. 1 6-hour 
days, while, southern varieties form bulbs with 
12-hour day's. .To get the small pearl or pickling 
type grQW Eclipse in the North with an April-* 
planting. .Though you -can't grow bulbs in- 
winter, some varieties will make green onions or 
scallions. Tender tops of onions,- shallots, and 
•chived are very useful for salads. 
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Onions grow best in a soil high in organic 
matter and, in fact, -I have had best results grow- 
ing them in straight humus. You can grow them 
from sets (easiest), seeds, or transplants (bunch- 
ing.Jypq) .' The greenhouse is a good place to j*et 
the early start you need in the North for onions, 
leek;s, arid other members of the family from 
-seed; Sets are just small^ bulbs "of onions- started 
from 1 seed the previous year. Make successive 
plantings each month all year. Keep onions well 
watered to keep them • growing fast and sweet 
tasting. \ ' ~ . \ : 



occurs only between 60^ -and. 90° F. Small- 
fruited types tolerate higher temperatuTes-thari 
large-fruited types. Within the correct tempera- 
ture range, peppers set and develop* fruit con- 
tinuously. For a variety of colors and shapes, 
grow a plant each of California Wonder 
(green), Burpee Fordhook (.red), arid Sweet 
Banana (yellow*).- Keep well watered and fer- 
tilize with fish emulsion at the time the first 
blossoms open. JEa'ch plant should yield one to 
two pounds of fruit. 



Radish 



Peas 



Peas thrive in cool 'weather and-in moist cool air. 
Peas ' must be sown about two inches deep 
directly' where they will mature. Plant 45 seeds 
(15 seeds per gallon contaiaer.) every 5 to 10 ^ 
(days for a continuous crop. They perform best if . 
given a chicken-wire fence or trellis -on which to , 
■grow. "Peas are available as* buslx and vine. The •' 
edible-pod type (snow o"r sugar peas) "yield more 
food because there is less waste. - \ 

Do riot use a nitrogen-f ich -soir 6^ the plant 
will-make .mostly. leaves. instead,.treltthe-.seed — - 
with a' garden-legume inoculant To^fart peas, 
producing fruit, pinch back the gro'wing poiritT 
' and remove one-quarter of the : leaves. P.eas rieed 
lots of water when they start flowering/: Keep 
the peas picked off to keep thehwprodudng'. 
Morning harvesting seems to help preserve the 
sweet flavor. A good plant should produce about 
one pound of peas in the pod. 

Pepper 



If you like radishes, you are 'in luck because 
about the- easiest and fastest growing 
yeaikpund greenhouse crop. Red or" white, 
round or long, all are a^heir best as a cool- ' 
.season crop, but will produce in any Reason. 
Double the number of days^from seed sowing to 
harvest for the October through January sowings. 
Radishes should be directly sown in a soil- rich 
in organic matter-. Sow "four seeds per square* 
inch and thin to one* If the plants seem to be ' 
mostly leaves with few enlarged roots, t$y incan- 
de^nUigiitsJaDfaux^ 

night, or ; try providing more space between 
pant's (one plant every, two square inches ) . 
Yield is usually one to two ounces" per plant.' ' y 

Spinach *.- 



re- 



Peppers need warrn, air, soil, and plenty of light, 
/^oth sweet and hot peppf rs grow well in the 

greenhouse under those conditions. Fruit set . Maxatawny' and Pragtree Farm 



True spinach growsvonly in^^dol weather, 
quiring 4*5° ' to ~5 ° F_/n ightV "TeirS^r k'tores . " 
Despite that, it has not done >vell in the middle 
of winter in so,la^^eermouses N Gardeners have 
tried it f rom^Massachusetts'to Arizona and have/ 
been disappointed. Plants look- spindly and 
small. On the other hand, late-winter sowings 'at 



well. 
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Photo 13-13: Spinach and lettuce intercrops Flag- 
- staff . Arinzna. 



ing in a cold 
11, grow a lit fie 



Spinach .is a fine crop for grow 
frame. Sown in late summer, it wi 
in fall, then in early spring it floiuishes. Winter 
Bldomsdale tolerates, c'old ' bet-tdr, , than most 
varieties and is blight resistant asj a bonus 

Direct' seed or transplant one plant per gallon 
container. Thinnings are excellent in salads. 
Spinach has a high nitrogen requirement and like 
other leafy crops, needs large a'rhiKints of water. 
Monnopa is a variety low Irt pixalic acid and 
therefore is less bitter than most! 1 spinach. Each 
plant at maturity weighs about: pound. 



Strawberry 

If you live in the North, you can produce your 
own .strawberries- one or two months ahead of 
the outdoor crop. It takes about 10 to 12 weeks 
to bring the plants from dormancy to fruiting. 
They can be potted one per 5-inch pot or four 
per 12-inch pot in \\ soil rich in organic matter. 

There are basically two types of strawberries, 
everbearing and single -crop. The everbearers 
produce a few fruit gradually all summer. The 
June bearers produce a larger crop. over a shorter 
period of time, usually about one to. three weeks. 
Thete are several small-fruited everbearers which 
can be grown from seed. These are-rnore like 
wild strawberries and.are called alpines. It takes 
about three months from seed sowing until the 
first fruit is ripe. 

All of the strawberries should be started in a 
cool (-h 'to 50° F.) greenhouse for at least six 
weeks. v At flowering, and fruit set they need 
-60° F. temperatures. . Fruit set and fruit" shape 
will be" improved by hand-pollination. Use a 
chicken, feather or flick each cluster of flowers 
with your finger. 

I usually remove the first runners that develop 
to put more energy into the fruit. When about 
one half of the fruif remains, let 'runners 
develop. After all the fruit is picked, tire plants 
can be set out in the garden and the. runners 
pegged down for next year's plants. Each plant 
should produce 20 to 40" berries. 

Tomato 

Tomatoes have produced fruit well into winter 
in solar greenhouses even in northern latitudes. 
Though tomatoes prefer warm temperatures and 
high light intensity, they .seem to tolerate cooler, 
temperatures than eggplants or peppers. Though 
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growth will be slow and blossoms will drop. 
Iruit" that Ins been set in the c. a r 1 \i fall will slowiv 
ripen into midwinter in cool houses. There are 
indeterminate types which continue iu urow on 
ami on or determinate types which stop growing 
alter reaching a genetically determined height 
(usually three feet or less). Tomatoes come in a 
variety ol sizes, shapes, ami colors. There are 
small I railed, sweet-tasting, niini.iture, red- 
fruited types like Sweet iOU and large-fruited. 
, acid-tavsting, large, vellow-frtiit^d types .like 
Golden Sunrise. Some are orange! or pink w hen 
ripe. Small-fruited- types are best for slow, 
winter, ripening.. Watch for varieties that are 
followed by V, F, or N. These lexers stand for 
" verticil littm virus, laisariunv wilt, ami nematode 
resistance. " — - } 

Tomatoes are usually sown in peat pots and 
transplanted into gallon or larger containers. If 
the young plants are too tall, plant them' deep 
tor support. Roots grow readily out of stem 
tissue. Tomatoes need at least six hours, of sun- 
light daily. . They set fruit best with night tem- 
peratures between 60° and 75 °F. and day tem- 
peratures between 70° and 9,0 °F. My own' 




Rhifttg 13-14: Climbing jomaJoei] Irellised. Maxa- 
. fawny, Pennsylvania. 
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Photo 1 3 - 1*5 : Small-] ri/ited lomalo, staked. l : /ag- 
i Wiiji . Arizona. 

observations in Pennsylvania -indicate that -toma- 
toes will begin to thrive again around March 21 
in a -cool greentjr&use. 

Rain or prolonged humid - weather reduces 
fruit set as will hot, dry weather.. In the green- 
house, each flower should be flicked with your 
, finger to help insure pollination. 

If large plants have few fruit, you may have 
.. used too much nitrogen fertilizer and water. 
~ R'ifrogen is needed for fast growtn when the 
plants arq young kit for best fruit development, 
reduce nitrogen (and increase potassium ■ and 
phosphorus. Low light levels also increase leaf 
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Photo 13-16: Tomato in cylinder. Mtixatawiiy. 
Peimsyl I'ctuid., 

area at the expense of fruit. 
. Leathery scars on the ends of the fruit 
(blossom eniWot) are caused by moisture stress, 
too much fertilizer, not enough lime (calcium), 
and hot' dry, humid weather. Mulch with straw 
or peat to reduce soil moisture and temperature 
fluctuations. 

Smokers can transmit a vims to tomatoes on 
their hands. Milk- has been reported to act as a 
deactivator of the virus. Do not replant tdmatoes 
in the same soil that has been used for tomatbes, 
potatoes, eggplants, or peppers. Th^/are all 
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The newer dwarf types are particularly suit- • 
ab(e as container plants. Many will be comfort- 
able\ in a'six- or eight-inch pot. The smallest is 
Tiny Tim, maturing at 12 inches, followed in 
height by Small Fry, Pixie Hybrid, and Patio. 

Most standard-sized tomatoes and especially 
indeterminate varieties will need support and 
training. A cage can "be built from wire or 
stakes .i/ul strings used for support. The side 
shoots (suckers) are usually removed and the 
lowtfr leaves arc removed after the clusters 
(trusses) of fruit mature. Each plant will yield 
6 to 1 O^ouriils_of -itwtr - Allow., one sEpjjnrTooF" 
.tor each miniature plant and up to three square 
feet for the standards. 

In Flagstaff, Dave MacKinnon's late-summer 
planted, chcrrf-type tomatoes produced six 
•pounds, of. fruit between Christmas and mid- 
January. Ripening stopped for about two weeks, 
and then fruit began to come in heavily ai^u'n. 

David Kruschke and Karen Funk have grown 
tomatoes for several seasons in their Wisconsin 
attached greenhouse. Plants seeded in July will 
yield fruit through mid-February. Blossoms 
begin to drop off in November. In early- 

-suninicrUtliey.jjset lafge .plants back-out in the 

garden. Big Boy, Big Girl and Red Cherry are 
their recommended varieties. 

Near Seattle, Washington, the gardeners at 
Pragtrec Farm report that summer-planted toma- 
toes ripened into November inside their double- 
glazed,- domed, walk-in co^d frame. 

Cold-rfardy Salad Greens, 
Flowers, and Herbs 

These are - only^a few of the most\ popular 
vegetables. No matter what your climate, a solar 
greenhouse will , allow you to bring a wider 
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variety ot plants than you arc, now growing into 
cultivation. Harvests will he longer. A good 
example of this is David MacKinnon's ex- 
perience with tomatoes in Flagstaff. The climate 
there in summer is so hot and dry that most 
garden crops are difficult to grow. Besides being 
arid, .the season is extremely short due to high 
altitude. Typically, tomatoes just come into 
production, then the}' are nipped by frost. 
MacKinnon's greenhouse docs significantly more 
than provide plentiful tomatoes through August, 
September, and into the winter. They will pro- 
duce fruit abundantly in spring. In summer, the 
outside temperatures' can get too hot for toma- 
toes, but inside his self-shading greenhouse, the 
air can be slightly cooler than .outside. With 
less intense light and a more humid environment, 
the plants are less likely to be stressed. 

Tor food in the dead of winter, you should 
plan to experiment with varieties that you "may 
not have seen -or tasted before. The greenhouse 
should provide occasional potherb dinners and 
abundant salads, alh.extremely rich in -vitamins. 
For example, you might consider planting a lot 
of parsley for salads. Both parsley and endive 
will produce copiously in winter, for vitamin-rich 
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Photo 13-18: Neir Zealand spinach cascades from 
retaining wall. Cape Cod Ark. 



and strong-flavored salads. Corn-salad is mild 
and will do well with low light. So will dande- 
lion; large-leaved. European varieties are avail- 
able in catalogs. Turnips, like beets and kale, 
will produce many more willowy and tender 
leaves inside the greenhouse. All are good in 
salads. 'The New Alchemy, Institute 1 reports" that 
Malabar .spinach grown on %akes has borne 
potherbs , till ' mid-December- New' Zealand 
spinach grows abundantly for them all' winter. 
It is a trailing plant thatHvill cascade from a high 
spot. Search' the seed catalogs for unfamiliar but \ 
cold-hard,y crops. " - ■ 

Herb's are another' realm "of horticulture that 
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Photo 13-19: Wintering flowers and herbs over 
for spring propagation. Epping. 
New Hampshire. 



the greenhouse can open to you. Fresh herbs are- 
only rarely for sale. A wide variety will grow 
over winter and tolerate light picking. In the 
JMorth, many herbs will be winter-killed out- 
doors. You can grow magnificent plants by 
potting them for the greenhouse around the time 
of the first frost. These plants prefer the cool 
temperatures you^l have in the solar green- 
house. Propagating herb__cuttings in spring can 
become a Very profitable enterprise almost any- 
where trjeHg are numbers of other summer 
gardeners. Joe and Gail White of Epping, tSfew 



Hampshire, can pay for the fuel that heats their 
home with young herbs started in their attached- 
pit greenhouse. 

Herbs are useful for making teas, for flavor- 
ing, tor repelling insects, and for medicinal 
purposes. Several of them, like roquerte, parsley,.' 
and chervil, are excellent additions to salads. I 
have found that most of the herbs grow well 
with a 60 °F. night temperature although many 
arc perennial I and will tolerate, an occasional^ 
freeze. They <tan be grown frorn seed,: cuttings, ^ 
or by division. There are few herbs that don't 
propagate readily by cuttings and I find this 




Photo 13-20: Climbing nasturtiums. Cape Cod 
Ark. 
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simpler 'than trying to grow- them 'from seed. 
My favorites ■areV|he various^ mints which I 

use "for tea, thymes for their arqmatic : srneji?s.-nd 
. pungent i^iste when used in soups and stuffings, 
" aid scented leaf 'geraniums, whose aromatic -oils; 
" refeel insecte-." _ ' -■ ' 

.^FHc annual herbs which are more often grown. 

from seed include anise, basil (Sweet Green or 

Dark Opal) , coriander, and fennel. < 

Other interesting perennial herbs suitable for 

the greenhouse include, chives, sweet marjoram,. 

sorrel/ chervil:, tarragqn, angelica, lemon balm, 

lemon yerbena, parsley, rosemary,' and sage. 

, Parsley, chives, and' thyme can be harvested 
:\for fresh seasoning. Rosemary , is: harvested by 
^flipping -the tops when -in "full bloom. Basil, 
. \rennel, mint, sage, sweet marjoram, and savory 
- are harvested at about the time of blooming. 

... Many kinds of flowers can be grown in "'cool 

greenhouses. * In- the Cape "Cod'^Ark, the New 

Alchemists have flowerings marigolds and climb; 

ing nasturtiums 'through January. -Marsha 
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Ma ( ckie pf McMinnville, Oregon, has had some 
success growing cut flowers for a lpcal. restaurant 
in winter. Camelia and azalea are among the 
woody plants- which prefer cool temperatures and 
will bloom in late winter. All sort's of spring 
bulbs can be forced. A fe^w eomrrl&rf flowers ^ 
that do well in cool conditions are chrysartfhe- ' 
■ mums, -swdet peas, primroses, winter-flowering 
• forget-me-nots, pansies, and violets. Grooving 
plants for flowers in' winter can be a tricky busi- 
ness for some^sp^cies, ^involving day length as 
Kvclt-as temperature. Since the aim. of this Book 
is to encourage food production, please refer to 
the Biblioe/aphy, -especially Whiter Floivers in 

/ , - Sir 

Greenhome and S-iin-Heated Pit by Taylor and 
Gregg fqr a discussion of greenhouse flowers. 

Fqr detailed information about selected erken- 
house 'Vegetable ''varieties, with particular refer- 
. ence to days from" sowing or transplanting, to 
/maturity outdoors, please .'refer to Appendix 
Varieties have been selected based on 
general availability. •'. : , 



* Chapter Fourteen 

Solar Greenhouse Gardening: 
Regional Reports 



To aid the reader in further.understanding both- 
the physiology and the psychology of erop pro- 
duction and related activities in the solar-green- 
house biosphere, 'the; following reports from 
various sections of thej country are included. The 
reports are kept in the first person to retain the 
flavor and authenticity of the experience. 



prop Production in ike 
Integrated Greenhouse 

Wild Rose, Wisconsin 
_ (-David Kruschke, Karen Funk) . - 

"fn January 1975, the first seeds were sown in a- 
ground-level ,area called "the pit." This area is 
3-feet-by-56-feet and 16 inches deep, and |is 
composed of . % topsoil and % lqcal soil (which 
consists of a "considerable amount of sand). We 
first tried radishes, lettuce, and onions, which 
did quite' well, except that harvest dares were 
extendedby about one^iohth (i.e., radishes took 
- N almost two months to /mature ) . jtiowever,- they 
were juSt-as tasty as any garden-grown variety. 
< In April 1975, the first tomatoes were seeded, 
after many visitors were curious whether toma- 
toes could be grown here. ' There was no problem 
with their sprouting or seedling life'; however, 



on small pepper plants) . We removed all plants 
and let the sun heat ajid dry out the growing 
area for one month. This was effective, as toma- 
toes seeded in July 1975 were not infested. The 
use of a "kitchen spray" can be effective in con- 
trolling aphids. A recipe for this will follow in 
the "Garden- Pests and Other Problems" section. 

October 1975 was the beginning harvest of 

tomatoes, ; antip the introduction;, to the growing 
area of t\^o frogs and two lizards. These were 
designed to naturally keep the insect population 
down. They also provided a touch of summer, 
with their whistling, for the long winter months 
ahead." 4'' • ' . . 

The first year's tomatoes continued to yield 
fruit until 4'he middle of February 1976. • After 
November, the blossoms aborted, but plants re- 
mained Intact ^fter pruning. We felt this was 
partially due to allowing night|ime temperatures 
in the pit- to occasionally fall below 55 °F. at 
night. , When insulation panels are (put on 
promptly at sunset, the pit temperatureyremains 
above 55°. Thg^other factor" for blossoms not 
duetto not enoughv available 




setting 

natural d£ylig;ht, during, certain monfhs at this 
latitude. Once available .light is less than 9% 
hour$_ a day (as after 'October 31 'and jfcefore 
March 31 ) blossoms tend to abort * Leafy and 



the crop was damaged by aphids (transported in ' root vegetables require less available ligh^and 
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Photo 14-1: Roots in warm soil, vines tmi/ing 
down to light. ' 



continue to grow with only seven hours' daylight 
per day. 

The first part of June, or after the danger of 
frost is gone, we transplant a large number of 
t).ur tomatoes to the outdoor garden. These are 
at varying degrees of growth, 'and some are 
flowering. The rigors of transplanting do not 
ieem to hurt flowering plants; however, they do 
not seem to bear much sooner than plants that 
have not flowered. 

The next majof change for the indoor garden 
came, in November 1976, with the removal of 
the bar-rels, and the replacement with* three large 
planters. These were filled with rock, local soil, 
and peat moss. Not only did the planters serve as 
a heat-storage system and had aesthetic value, but 



they almost doubled our growing area. Being 
elevated, and having some bottom heat, certain 
■ crops did mtech better; i.e., tomatoes and herbs. 
This extra area 'also allowed us to experiment 
with many untraditional greenhouse plants. 
These included: Sweet corn, cucumbers, green 
and soybeans, and zucchini. Although fun, they 
weren't that successful. In all cVses; seeds sprout 
very rapidly. Radishes come up\n less than 24 
hours, and even parsley comes^p rq^6 days. 

C A. Tomatoes . 

Tomatoes- have been a long-time favorite in our 
household, 'for a variety of reasons'. They stay 
pest free with preventative care, they grow and 
yield well, have a high "nutritional value, are a 
natural air freshener, and are an economically 
stable crop-. Tomatoes are an important supple- 
mental food to us, as well as being income 
producing. This is especially true during the 
winter, months, when vine-ripened tomatoes are 
^nonexistent in this area. 

The varieties we have grown are; Rutgers (85 
day), Earliest (69 day)., Red Cherry (72 day), 
Big Boy and Big Girl (78 day), and Early 
Girl ( 54 day) . Our favorites have been Big Boy 
and Girl, for their productivity, large size, and 
flavor. However, an early variety gives you a 
better chance for production in winter months. 
We also grow Red Cherry, or any cherry tomato, 
that can beXised as snacks' for visitors or the 
chiMreTr: Jt 

Compact-growing vegetables that yield well in 
a small space are well worthwhile. Radishes, 
lettuce, onion#f parsley, and, all the herbs are a 
ood choice. This is particularly true for parsley 
and herbs, as they are never available in fresh 
- form -in this area. The available dried herbs are 
both expensive and lack flavor. 
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1. Continued Produc'tivtly Temperature must there is a tendency to overfertilize. This can 

\ be kept above 55° at night to enable. blossoms cause plants to become too large, leafy, spindly, 

-j to set. We accomplished this in two ways\| and set poor fruit and decrease the size of the 

insulating panels are put on promptly at sunset^ bulb p^art of root vegetables. This is. especially 

and all tomatoes were moved tojthe elevated ^ treacherous during the short cloudy days of 

planters, where an average temperature -of at \ November,. December, and January, when the 

— leasi'72iULxauld-h^^ ;rontenl_oXjth^e^jso^wth_ abundant 

light, les/ than 9% hours a day also inhibits the 'moisture will cause plants to grow soft, spindly, 

setting of blossoms. "An alternative could be the.. \ and abort their blossoms. In the past, we have 

use of supplemental artificial light.HThis would ^fertilized by side-dressing, with a ratio -of 400 

mean that aitificial light' would supplement day- toounds/acre, with a 10-10-10 fertilizer or 
light for 1^4 hdurs a day in -November- Vid Feb-,.., equivalent. This means that in our west planter, 

ruary, and -2% hours in December andVjanuary. which has a growing area of 45.9 ft. 2 or .00105 
This also would be beneficial on heavily \clouded 
or stormy days. We have jiot tried this technique 
■ as yet, as we have been happy with productivity 
until mid-February without utilizing lights. 
We also ! use pruning and propagate I plants 



aic re, we would put on .42 pounds ( 191 grams) 
of fertilizer. However, we now .feel that it is 
safer and economically sound, to base a ferti- 
lization program^ on direct soil analysis, with a 
soil test kit, done at'twjp- to four : week intervals 1 . 



from cuttings to prolong productivity. Some. of. With this method,, not only do you know which 

j our plants are more than a year old, and\rtill nutrients are deficient, but you can also calibrate 
going strorlg. This is accomplished by pruning the amount you need to apply, without over- 
away any ciead or unhealthy-looking matCef, ox' doing it. 

cutting back until a compact brush of one', dr two. ..The pH of the planters range from 5.5 to 6.5 
stems is ^ttamid. Some of these cuttings are \* {'acjdic to weakly acidic). This was accom-, 
used as v new. plants transplanted to 'a different A plisned by^ the addition of peat moss to the local 
V area. The stems can be cut and placed directly - \soih Thii is the ideal pH range for growing 
in the soil. This method works extremely well, tpmitoes, parsley, and hero's. The lower pit has a 
plus givefs you a new planf that is well adVapced pH range of *7.0 to 7.2 (neutral to weakly 
in growth. ^ 



2. Pollination This has not been a problem at ' 
all, and we have not had to resort to hmd- 
pollina,tion. It appears that disturbance of the 
plants 'by air, people, and panels,, allow the plants 
the opportunity to pollinate. Shaking the pla it is 
less tedious, less time consuming and jusi: as 
\\ e~ffect,ive as hand-pollination with a camel'S-pair 
- 1 brush. ■ j" : 

\. fertilization and Soil pH • Fertilization cari r '' 
become a real problem for the indoor garden] as 



alkaline). This is more suitable for leafy green 
ank 'root crops. 

4. ^Garden Pests and Qtfyer Problems. As in 
any other problem area, prevention of the prob- 
lem \s the best solution. The opportunity for 
plant '■ diseases is increased in a warm, moist 
environment. Therefore, we remove all dead 
matter promptly, and keep growing areas as" 
clean as possible. We only, water early on sunny 
days, ^ser thati the-foliage can dry, and excess 
humidity can be vented out. Watering is done. 
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once a week during Spring and fall, and twice or winter crop; and 10 to 20 pounds per plant for a 



more e as needed in the summer months. 

. Close inspection of any plant brought in is 
imperative. This includes inspection of the 
leaves for insects or unhealthy foliage, and in- 
spection of the root system for the presence of 
nematodes. , (produce- knot-like swellings). 
Nothing is more discouraging- 'than having one 
unhealthy plant start an epidemic and wjpe_Qiik — mftcfff^'znergy- savings would result 
~rnohths°bf growlh^^fforj;.' ° f . 

Even with care, some insects still find .their 
way to the growing areas. We installed frogs . 
, arid/or .tc^ads, and lizards to keep the population 

lown. They seem contekt to- stay in the growing 



spring crop. . 

We feel the economic role of a year-round 
garden ' is moire than j ust an individual effort. 
We can be both producer and consumer and. 
eliminate the intermediate . steps of shipping, 
processing, storing, and distribution. If these 
steps were" eliminated by many people, a sig- 



areas. 



The Solar Greenhouse as 
Season Extender 



Foraphids, we use a kitchen spray of 1 pint 
water, % teaspoon tabasco^/^ teaspoon garlic 
powde'r (do not use garlic ^salt), ^'teaspoon 
cayenne* pepper , . and. a _squirt of liquid detergent. 
Shake well and spray on both infested and non- 
\ infested plants. This seems to kill a large portion 
of them, and keeps aphids off uninfested plants 
If mealybugs appear, it's easiest to remove 
with a cotton swab dipped in rubbing alo 
For a large number of them, plants can be 
sprayed with a mixture of 1 tablespoon rubbing 
alcohol to 1 pint water. Plants can be sprayed 
two tirrjes a week indoors, and spray must be 
reapplied after rains outdoors, 

B. The Economic "Role that Plants Play 

It's exeremiy difficult to place any price on the 
availability of year-ground fresh fruits and vege- 
tables. This is especially true since we are still 
inexperienced ind6or gardeners and have made 
mistakes. However, we have sold our excess 
tomatoes in December and January for $1.00/ 
pound locally. According to the U.S. Depart- 
ment of Agriculture, it's possible to produce 6 to 
- 10 pounds of tomatoes per plant, for a fall/ 




Clementsville, Nova Scotia ' \ " _ 
(George and- Pamela de Alth) 

In general, the solar greenhouse worked very, 
)r us. In fact, it lived up to our 
will start with some detailed 
information -by talking about the greens. 

Through the winter, two plants of kale and „ 
about ten of lettuce lived in* a more or less steady . 
state. They were transplants out of last summer's 
garden but they had been planted there- late, in 
August, so that they were small' (no more than, 
eight leaves). The greenhouse never froze,, once 
during this cold winter so the plants neVer died;, 
however, they never grew eitherr-a^we had very 
little sun. I live in a part of Nova Scotiartha^gets 
low cumulus clbuds from the Bay ©f Fundy^- 
when high-pressure systems dominate our region. 
So even when there is no storm system about, 
my greenhouse receives little sun. Once the sun 
started "to ride higher in the sky and gave more 
heat to the plants, they started to grow. The sap 
in the maple trees and in -the greens started tc^ 
flow at the same time. By mid- April, my wife 
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and I were able to have a salad a day by merely 
picking the outer leaves of the lettuce. The two 
plants of kale' grew more quickly and we used 
them for steamed greens. In addition to these 
holdovers from the previous summer, my wife 
planted salad greens. and radishe;/in the green- 
house beds on March 10. They started slowly, 
' but by the first of May the be/zls were a jungle of 
greens. To sum up, the greenhouse gave us fresh 
greens two months before we .could have had 
them from an outdoors setup. 

We started planting- in flats and pots for the 
garden on March 19. On that date, onions and" 
leeks went in, and on March 28, so did peppers, 
eggplant, and tomatoes. The greenhouse 
brought these around beautifully. On April 3, 
the tomatoes started to break through the sur- 
face. Because of the design of my greenhouse, a 
good part* of the heat that came in during the 
daytime" was stored up high near where it con- 
nects with the majn part of my house. x This, and 
the fact that the greenhouse is open at the bottom 
to the cool basement of the house, kept tem- 
peratures low at night, often below 50 ? F. The 
plants grew well and strong; they never were 
spindly. Having just put the tomatoes out I 
feel they are well' set for bearing fruit; most are 
abqut 10 to 12 inches high with flower buds 
already formed. The peppers have stayed -a bit 
small and we are keeping .them in the green- 
house for a bit more indoor growth. The greens 
and cabbage plants that we started 'in the green-' 
house on April 13 and later transferred to cold 
frames are strong and healthy a.nd looking good 
in the garden. During the sumrher, we hope we 
can bring early tomatoes and npe-lons and pep- 
pers into the greenhouse and' then in the fall 
we will try to transplant into it! so that we can 
have greens into December. A 




Photo 14-2: Illinois compost bh?. open. 

this new structure and then we will begin to fine 
tune our work in it. . 



Composting in a Solar 
Greenhouse for CO* and Heat 

Illinois and, Eugene, Oregon 
(Dan Knapp) 

In the beginning, I started a "fire" in the com- 
post bin in a walk-in cold frame by shoveling in 
alternate layers of leaves, household garbagcf' 
lawn clippings, and horse -manure from the 
county fairgrounds. Al Casclla, a physicist who 
shared my enthusiasm for solar-energy experi- 
mentation, lent me a hydrothermograph — a 
device which measures the convariation of tem- 
perature and humidity graphically, giving a con- 
tinucju's 30-day record: After the compost got 
(warm, i-ket the instrument up in the greenhouse. 
! The compost heating principle was a source of 



exercise; every two weeks or so I would turn the 
stearning pile out onto theigrqund to aerate it, 
then mix in some more horse manure to get the 
will have completed our first >^arly cycle with j '/heat going again. Doors closed, in a few days 



that point, we 



288 



THE SOLAR GREENHOUSE BOOK 



the steam would be rising; through the pile up 
the steep north wall and down the south face of 
the greenhouse to the ground. 

Steam from the • compost condenses A on the 
plastic and the roof trusswork, dropping down 
gently to the soil and plants, keeping things 
moist and green. When the sun came out the 
. rapid; heating of the inside air seemed t6 accel- 
erate the condensation. If the prairie wind was 
blowing, the plastic would pillow, lift and fall, 
"spanking" the drops of water\in£o a* fine,, agree-, 
able, continuous mist. All the plants seemed to 
appreciate the showers every time the sun came 

out: . . V 

The hydrothermograph showed\clearly what 
was happening: the greenhouse was generating 
its-own unique "weather." I operated the hydro- 

-thermograph f or~ 4Q-day.s~orLLy = JSToyWlber^^Tr: 
December 26, 1974* One compost bin\ about 10 
cubic feet of material) was already -working at 
the start of the measurement period. second 
pile was built during, that month; by the^time it 
had built up enough heat to release warmth and 
clouds of steam ihtcTthe greenhouse, the first pile 
hitd- already reached the burnout stage, -so \only ■ 
one pile ever worked effectively at one time. 
Other than the compost and stored ground heat, 
the main spur'ce_of energy input was1:hi^s un. 

A clear and consistent pattern began to emerge 
as the instrument's pens traced temperature and " 
humidity' variations onto^ the Rotating graph. 
When the sun shone, temperatures shot up from ' 
around freezing into the 60° to 90° range. At 

' the' same time, the relative humidity dropped 
from 100 percent to 50-60 percent. 'As the 
humidity dropped, it began "raining" inside the 
greenhouse, because water vapor which had been 
in -the air was driven by the high temperature 
differential to condense on the cold ceiling and 
wal|s and drop to the "ground. After sunset, 




Photo 1-4-3 : And closed. 



temperatures returned -to -the 20s and 30s, the 
ccimpost returned the humidity to; 1 00 percent- 
and it stopped "raining." , 

_ On cloudy days, temperatures generally stayed 
in the 30° to 40°F., range^ and humidity stayed 
between 90 to 100 percent, so there wasTittfe or, 
no rain in the%reenhpuse oh cloudy days. 



Frost Protection 

The added moisture in-the air seemed to give 
protection against killing jffosts. The tempera- 
ture inside the greenhouse dropped into the 15° 
to 20°F. range four times during November- 
December. (Outside temperature was around 
zero, with winds.) The plants crusted. over with 
white, fuzzy frost from the composf steam, but 

' the day's warmth soon restored their lush green 
color with no apparent damage. 

- \ A possible explanation for this phenomenon c 

_ tikes us intfo the physics of "phase change. 

When water changes from gas to liquid' to solid, 
each transition from one state to another is called 
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Photo 14-4: The neuesl Oregon ■ greenhouse: 
/ ., ' Compost bin, ailii'dlk, grouping tired. 



a "phase change." A burst of extra energy is 
either taj<en in or given off as the substance is 
pushed through the phase-change "window." 
Heat energy is given off in the phase change 
from water to ice, and, since there was a con- 
tinuous resupply of water in the form of steam, 
heat .energy was continuously being released into 



the plants and soli as the steam condensed and 
froze. 

Rather than freeze /fie plants, the cold froze 
-die moisture around lie plants. The coating of 
ice (hoarfrost on the plants, solid sheets on the 



roo^and walls) also had an insulating effect, and 
the \two things combined meant that, no plants 
diedUrom killing frosts even during a normally 
scvcr\: midwestcrn winter. 

I g^rew onions, garlic, Bibb lettuce, corn- 
salad, \chcrvil, cabbage, parsley, and the rooted 
cutting.^ from several shrubs in the greenhouse. 
Others \vhich would probably have done equally 
well include mustard, turnips, beets, carrots, 
cress, kal\e, broccoli, and more. 

I let the compost die out in late December, to 
see what would happen. Slowly, the heat and 
with it, the source of moisture died away. The 
increasing, cold and dryness slowed the growth 
of the plants considerably until growth nearly 
stopped by late February. The outer leaves grew 
. brown as late winter gave way to early spring. 
As the daytime temperatures rose, many of the 
plants started growing again, but only to go to 
seed. . ' 

The contrast between the period when the 
compost was working and when it was not was 
striking; While the compost was sending steam 
and eentle warmth into the greenhouse the 
plants were a brilliant green. When the compost 
died, the plant* began -to' turn b^own, and went 
into a defensive survival posture, 

I searched °for an explanation. Composting, a 
book by GarenceTloluekc, extended my knowl- 
edge of the processes involved. Compost is a 
mixture of carbohydrates and protein; the ulti- 
mate products of the breakdown of^this material 
by bacterial action, besides heat and moisture, are 
carbon dioxide and atmospheric nitrogen. So the 
gaseous environment of the compost-heated 
greenhouse was an unusually rich nutrient -me- 
dium for the plant's leaves. I theorized that the 
constant moisture condensing on the roof might 
carry some of the nitrogen r in solution to the 
plant roots as well. 
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Compost also helps to warm the greenhouse, 
exactly how much it is hard to. say. But it does 
release considerable energy into" the system. 
Compost gets hot— I' ve measured -piles that were 
in the 165° to 175°F. range. Feeding and 
aeration lowers the * temperature, considerably 
but it sbohTrises^^agajn. to the maximum, de- 
pending on the r ingredients? The cycle of rising 
and falling temperature seems to take about three 
weeks to run.its~ course, with some small amounts 
of waste heat being given off even after that 
point. Not all the interior heat is available at the 
exterior of the pile, of course — the "waste heat" 
generated is probably more in the 90° to 110° 
range, say six inches above the pile. 
, In any case, the heat is continuously available 
over a three-week period. In addition, there are 
some more subtle energy effects that I've just 
begun to appreciate and understand. 

One is that the heat is a vehicle, an "engine" 
for moving nutrients from the interior of the 
pile ihto the greenhouse "ecosystem, where they 
become available to the plants. These nutrients 
include, "water,*- carbon ., dioxide, and aromatic 
nitrogen compounds. These are taken in-through 
the leaves,/ -and used d irectly fr\ photosynthesis, 
or absorbed by the roots of the plants as part of 
water uptake f-rom the soil. No pipes, nozzles, . 
sp,ray attachments, nor other hardware are neces-* 
sary. . ' .■ 

Another is the latent energy in all the water 
vapor. In times' of extreme cold this can save 
the plants from freezing, as I have described. 



New Directions 



My latest . structure is shaped *like a fan, or a 
clamshell. Four trapezoids— aH different in base 
and rafter- length — radiate outward from 'an 



imaginary point. This arrangement opens the 
greenhouse to face the sun /during its entire 
circuit of the winter sky. Walls that formerly 
faced east and west now face northeast and 
northwest, and so become part of the north wall 
complex. Therefore, they are opaque and insu- 
lated. The three north-facing walls aqt as 
absorber plates for incoming" solar" radiation so r — 
the structure should be a better solar* collector. 

.. The south face of the greenhouse is also con- 
siderably larger in this design, so -a correspond- 
ingly larger volume of sunlig'ht will be admitted. 
Compost bins are framed in as before. The 
available ground-level growing space is larger, 
and I plan to' increase growing space, still more 
by adding shelv.es to the entire north wall com- 
plex, including the compost bin, and by hanging* 
plants from the roof . 1 - 

I was anxious to get the composting system 
going again, so after a couple of weeks to get a . 
"feel'" for the energy retentiveness" of the, fan^ \ 
shaped design, I got a load, of fresh horse* \ 
'manure/straw and mixed it' with a, half -decom- 
posed pile of sticks, garden trimmings, weeds, ' ' 
and garbage that I'd been stockpiling near the 
greenhouse all winter. By April. 23 the pile was - 
steaming and scudding clouds of water vapor, \ 
CO?, warmth, and aromatic nitrogen compounds, 
into the greenhouse. The immediate effects of 
the addition were exhilarating. 

I stopped my daily misting of the_inte'rior 
because the compost steam maintained irite in- 
terior, humidity and created the "rains." Plant 
growth accelerated visibly and dramatically. 
Leaves that had turned a pure_yel^w_color from 
: being too dry, too cold, or too weak due to infre- 
quent watering inside the house, turned pure 
green within six 'to eight days, starting with 'the 
veins and working out into the full surface of 
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Photo 14-5: Van-Sitped greenhouse u-ilh compost. -Ei/gene. Oregon. 



the leaf. The supercharged, air was responsible * 
for this; I'm certain. Plants clipped for ipropaga- 
,tioi^ didn't wilt or even, seem to slow in their 
grWth,. but developed new roots within a few 
dads. Also, a curious phenomenon: The leaves 
and stems of certain ' plants turned a reddish 
color, and generally colors of all kinds got more 
intense and "definite. 

Compost piles are like sourdough starters : - 
.>they have, to be fed every couple of weeks to 
keep producing gases. I turned the pile and 
added new material to it on May 3 because it 
had been slowly cooling and steaming less for a 



few days. It took 'a couple of days' to heat up 
aeain, but this time it's gotten "hotter" than 



before. I suspect it was too dry the First time.. 
Also, the bacterial flora may havef gotten better' 
established throughout the mixture. ■ 

It's really fun to take sick or crowded plants 
from friends and neighbors, but into the com- 
posting greenhouse, and give them back healthy 
and growing within a few days. 1 My wife. and I 
are spending more and more time in the green- 
house, with the result that it has rapidly filled 
up with plants, and many things' have already 
moved out into our raised-bed garden. We're 
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./ going into production r on certain things like deeper gteen, then growth really gets underway, 

sedums and succulents, false sea onions, and And, of course, it's a pleasure to anticipate the 

tomatoes, and. will be selliog"~these soon." ' I lik£ volumes of pure-corripost potting and ^gardening 

7 to watch the. plants' initiat~f eaction : for about soil^.that are. being produced «at the same time 

three days the leaves just expand and turn a ^ plant growth is being. so stimulated. ' ; _ • 



Conclusion 



In some respects,'- the solar "greenhouse can be 
considered a kind* of paradigm where many 
.disciplines ;W interests* intersect: horticulture, 
architecture, engineering, and so on. For this 
reason, the solar greenhouse has become an inter- 
■ disciplinary tool in various sections of the coun- 
. try to help students understand the practical 
. application of ideas. 

' For example, with the help of the Ecotope 
Group students at the Canyon Park Junior High 
School, Bothell, Washington, have- constructed 
a s.olar greenhouse which will serve as a center 
of their Energy, Food, and You curriculum. 
Christina Peterson, coordinator of the program, 
reports that ''students learned to recycle valuable 
materials; -three large (40-foot-by-l 00-foot) 
greenhouses donated* by Chiyoda Chemical En- 
gineering, Inc., were dismantled and portions' 
of these greenhouses were reused in the con- 
struction "of the War-heated one. " 

Solar-greenhouse construction at colleges and 
schools across the country is becoming a popular 
way to both "concretize" and enliven the cur- 
riculum. The freestanding solar greenhouse at 
Yavapai Community College, in Prescott, Ari- 
zona, .was built through the cooperation of 
people in a number of departments who plan to 
utilize the greenhouse in. courses. 

The high school students who constructe.ds'an 




Photo 1: Canyon Park Junior . /High School. 
Bo t hell, Washington, D.C. 

t 

active ""solar greenhouse in the Chelsea Public 
Schools we're sophomores -in a speciaiclass called 
"Coordinated Vocational Educational Training." 
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Photo 2: Yctiiapai Community College. Prescott. A> 



rizona. 



The students, at the Open Living Schdol in 
Evergreert^'Colorado, who built a solar green- 
house (oil-drum storage, beadwall system) -are 
even younger'. • 

Clearly, the solar greenhouse can 'be a vital 
educational tool that holds considerable promise 
in curricula of the future. 

Those people who have .had -the, experience 
of an attached greenhouse on their hornl? cus- 
tomarily declare: "Everyone should have one. v 
Undoubtedly, the" attached greenhouse will 
emerge as a- "retrofit" item, possibly satisfying 
federal requirements as a "solar collector." 



; V 

X)n the other hand, the freestarfdjng green- 
house may eventually become an "institution" in 
cities and other places where people can garden 
•communally. And already there are signs of this 
development in the Southwest. 
« Also, there are some, indications that the roof- 
top greenhouse might eventually become part^of 
the urban scene. ^ * ■■ v v . . 

The -beauty of the solar greenhouse is that it, 
in some form or other, is applicable to the broad 
spectrum of American- life. And perhaps, unlike 
with the bomb shelters of the fifties, we'll build 
^positively 'above ground, site of food- and heat. 



' Appendix I 

&vmt®^^ Do Not 

Require Electric Power for Operation 



SoIar^Vent y Heat Motor §ystem \ / ^ 

D^len Products, Inc. ■ Southern California Gj^nhouse.Manufacturihg 

20 1-Sherlake Drive • \ 3266 North' Jlosem^f Boulevard *•" 

KnoScville,'TN 37922 Rosemead, CA 9#70 " ^ 

Actdat.es from 68°. to 7 5 ° F. ; - powe\ enough to- i ' ' 
~ handle up to ^ pounds of lift weight". 



Power Vent 1 

Bayliss; Precision Components, Limited 
Ashbofne, Derbyshire 
Great Britain *, 

• ' • / 



Sources 



ppendiix II 

r Conductivity ai 




pH Meters 



Conductivity and pH meters are ava.|able from the 
~ following source^: 

■ 

f Gonductivity-Me^ers 

' ; Hach Chemical Company 
s ! Box 907 

Ames, TA 50010 
.." f 

^Indusirial Instruments, Inc. 
i89 Commerce Road I . 
Cedar Grove, NJ 07009 -. 

iab-Line Instruments, >Inc. 
f^elrose Park, IL 60160 / 



! 

pH Meters 



- Hach Chemical Ccmpany 

- Box 907 , f /"' 
■ Ames, I A 5O91O 

Markson Science, Inc. 
Box 767 / 
Del Mar; C A 9201 

* < / / 

Co/le-Parmpr Instrument Company 
[74 2 /North Oak Pirk Avenue 
Chicago, IL 60648 

J. G. Nester. Company 
.0. Box 666 . 
-./Millvirie, NJ 0833:! 
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Appendix IIJ . 

Estimating Greenhouse Heat Loss 



Conrad Heescnen 



To make a rough estimate of the amount of heat a 
greenhouse loses, we need to know several things^ 

The area of each different' type of surface of 
the greenhouse, \. ; 

- 2„ The Upvalue (see Table 1) for eacXof thesi 
sections, . 

3. The average inside temperature of the .green- 
v house (tf) , and '' 

4. Th/»^age outside temperature (t 6 ). 



v. 



A) \Vg. then list each area as shown below anil 
•' multiply it by the appropriate U- value te>get a heat- 
loss factor for the surface, U..X A. The heaf-'loss _ 
factor tells the number of-Btu's of heat lost through 
/ that entire surface in one hour^fQr every degree of 
'•temperature difference between inside^and outside. 
' (B) We v then add up all the differeht^heat-loss 
factors to get a total fteat-loss factor for thel>Mire 
greenhouse. This is the amount of heat, measured^ 
in Btu's, ^rhat the greenhouse will lose in one hour 
for each degree of temperature difference between 
inside and outside. ' ' j 

(C.) To get the actual losses during one hour, we 
must multiply the total heat4oss factor by this tem- 
perature difference. ' > . - - 

(D) If you want to calculate the heat losses ^for 
the" entire day, use the average inside temperature 
and the average outside temperature. A'fter we find 
the hourly heat losses, we multiply by 24 hours/day 
to. get the total daily heat loss. This procedure is 
illustrated in the following example: t 

- h' - 



Glazing: 




Single Layer of Glass 
Double Bayer of Glass 


1 11 
1. 11 

.37 


SG, plus Insulated Shutter 
(R9), 14 Hours/Day — Average 
II o.ver 24 hours 


.57 


DCr nlus Tnsulahed Shutter ^ 
(R9), 14 Hours/Day — Average 
U over 24 hours 


.3 ' 


Opaque: 




\2" x 4" Frame Wall Sheading 

&»th Sides, No Insulation 

. \„ - -* 


.26 


■ \. 

2" x 4">rame Wall & 

3V 2 " Fibergfass x - ■ ! 


.07 


21 x 6" Frame Wall & 
' 5i/ 2 "-6" Fiberglass 


.04' 


/ 8" Concrete, No Insulation 


.39 


8" Concrete Block, No Insulation 


7 


31 


8^C^ncrete & 1" Foamboard 


' - 


.13 


8 "Con'cret^& ^Eoamboard 




.08 


8"- Concrete Block & 2" Foambo^fd. 





For more details and examples of different materials^ 
and wall sections see HUD Handbook No. 49406, 
"Miniunjum Design Standards for Heat Loss Calculations,' 
available from U.S- Dept. of Housing and Urban Develop- 
ment, 451 Seveilth'Street SW, DC 20910. 

Table i: U-V allies for Typical Wall Sections 
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'.„'■ Now we are ready to find the daily heat loss. The 
product U X. A equals the number of Btu's o'f heat- 
lost per hour for each degree of difference between 
inside and outside temperatures. If the average ■ 
temperature inside .(ti) was 55°F., and the average 
temperateire Outside (t ) was 10° on a particular 
day, the difference (At^tj — 1 (1 ) would be 45° and' 
the total heat loss per hour, on the average, would be 

^ H = UxAx(t, -t ) 
= 132 x p .: 
H = 5,940 Btu's per hour for'this temperature ; 

T._i<lifference or, 5,940 Btu's/hoirr X 24 hours 
• "= 142,560 Btu\s per day ' . ' 



.Now- suppose the average temperature for this day 
w'as 35° instead of 10°; the temperature difference, 
' would only be 20° (55 - 35 =-20), so 



H = 132 X 20 . 
: = 2,640 'Btu per. hour, or only 63,400 Btu 
per day. / - )■ 

We also have to make an^ estimate for the heat 
lost because. 'of infiltration. Depending £>n how 
tightly you build and weather-strip, the losses from 
infiltration _can be anywhere from one-tenth to one 
half the -total heat losses.*^ Lei's assume we have 
done a fairly good job of building and that these 
losses will be, about one-fourth, of the total losses, or 
about 1,500 Btu per hour, if the average outside 
temperature is 10°. Multiply this times 24. hours 



'* If you ventilate, the losses. will be mudh greater. If 
you are using fans and know how .many iubic feet.pej 
hour you are exhausting (Q), you can kalculate the 
heat loss from ventilation with this formula: 



and add 'it to the heat losses from' conduction: 
M , 500 X 24 = 30,600 Btu/day ./ - 

30,600 + 142,000 = 172,000 Btu/day heat losses 
Jus.txto be on the safe side we will add 10 percent 
to this : . i " - ' " V" 

172,000 + 17,000 = 189,000 Btu/day total heat 
losses *: 

Now we can compare this to the amount of solar 
radiation the greenhouse received (which we cal- 
culated in the last* chapter ) . The total gains on a 
■ clear -day through the 50° slope of this greenhouse 
are 213,000 Btu, so wt'have a surplus of 24,000 
Btu's. ■ ' ' . b I % . 

• In this example we assumed that the greenhouse' 
did not use 4 movable nighttime insulation. If movable 
insulation were 'used fQt L4 hours each night, the 
average U-value for the glazing would be'. 3 instead 
of .57, and the overall heat-loss factor w6ukTbe 85 
instead of 132. This means that the greenhouse 
would lose only 123,OCTo Btu instead of 189,000 
Btu, and that there would be a surplus of 90,000 
Btu's, Of course, if you are going Jo make use of- 
that surplus you must get it into 'storage; otherwise,, 
the temperature in. the greenhouse,- would be hotter 
and- you would' lose more because of the greater 
temperature/ difference between inside and outside. 

If we were/dealing with an attached greenhouse in 
these calculations, the surpkisqs would represent the 
amount of heat' that would be available from the 
greenhouse during the flay to heat the hquse proper. 
Of course we would also have to alter trie area used 
in the calculations inorder to reflect the fact that one 
wall is attached to the Iiouse. ; 



H„ 



•018 X Q X (t>- t ). 



M The U-value tells you. .the rite of heat fl'pw- 
.through a wall, measured in Btu's. The«U-value is 
the number of Btu's that .will I pass through one 
, square foot of the wall in one hqur with one degree 
difference between temperatures on the inside 
apd outside of* the wall. If a wall had a V-va^te of 
.1, this would mean that .one-tenth Btu would pass 
through one square foot of wall every' hour with 



- ESTIMATING GREENHOUSE HEAT LOSS 

'one degree temperature difference between the 
inside and outside. But if the air inside was 70° 
and outside it- was n>°I\, the temperature difference 
would be 60. The^ ^ X 60 or '60 Btu's would be 
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•\ost through one square foot of the wall in an hour. 
Rowing the size of the entire wall,- -it is easy to' go 
id calculate how much is lost per hour through 



itire surface.' 



O 
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How Much Energy Gets into Your 
. X; . ' (jrreeahouse^ 



Conrad Heeschen 



Suppose you- have used the tables to determine the 
slope of. the "south-facing glazing which will receive 
the most "solar energy when your "greenhouse needs 
it most. With V little calculation you can use the 
same table to find out approximately how much 
energy the greenhouse will actually capture on "a\ 
clear day t 

For example,, ltt us assume we are still at 40 
north latitude, atlthe Maxatawny greenhouse, and 
that we have chosen '-a 50° slope for the south sida^ 
■Now we look in tne table for the total daily radi- 
ation, "surface daily totals," under the column for 
50° for the date we 'are interested in. We will look 
at January 21, since We want J^rlind out- how much 
energy we can captute in the colHest time* of the 
year. The tota.1 amount of solftjC .energy that strikes 
one square foot of oiir greenhouse surface on this 
day is 1,90 6 Btu's. Nqw, hoW much of this energy 
actually gets into the. greenhouse ? 

Remember that there are losses each time the sun's 
rays pass through a layer of glazing and that the 
losses^- depend on the I angle* of incidence (see 
Chapter Two) . The angle of incidence changes 
as th;e sun crosses the sky, so it Ifc impractical for us 
to calculate it for each instant, -instead, if we reduce' 
the value of radiation we get from the table by^ 
about 16 percent for one layer of glass and 30" 
percent for two layers of glass,, .we will get a rough 



• estimate of what actually passes through the glazing. 
Losses from clearer materials would be somewhat 
lower. Even though this is^ough,, the results are not 
too. far off -calculations I made^t hourly intervals. 

If our greenhouse has two layers. ^ glass about 
1,330 Btu's. of solar energy will -come through one 
square foot of the south face. Suppose the area of 
the south face is 1"60 square feet, not counting" the 
framing (about what a 12-foot-by-l6-fdot green- 
house might have) a~~total of,' 213,000- Btu's will 

I enter the greenhouse on a clear day from the south 

face. ■ . ■' ^ % . . ' , 

I Now there are.' several things you. can dp with 
this figure.. First you should^compare it to the total 
.daily heat losses to see whether you are gaining or 
losing heat on the average over 24 hours of the 
day. You can then use the weather charts and data 
in Chapter Seven to find out 'how many clear days 
in a row you will have and see if the greenhouse can 
accumulate enough'"exffa^hergy~3uf ing this period 
to carry it through' the expected number of cloudy 
days. Finally, yoii*can see how many cloudy days' 
this- one day's heat will carry you. Refer to Chapter 
Five for storage efficiencies. 
You can also use the hourly radiation figures in 

" the " table' to ' calculate' the 'amount • of radiation • the 
greenhouse will gain onlbpartly cloudy day, or if the 
greenhouse is shaded during part- of the' day. 
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Suppose it stays clear until 1:30' p.m. but then over- 
cast sets in, or the sun moves behind some large 
trees.- Add up the figures in the column under tie 
date and slope you have chosen (i.e., January 21 ! a id 
50°) for the hours when the sun shines on' your 
greenhouse: ^ 



8 A.M.- 

9 A.M.- 

10 A.M.- 

11 A.M.- 
noon - 
1 P.M.- 



81 Btu/square foot/hour 
182 
24Sh 
290 

303 ■ 

290 (note that 1 p.m. is the same 
as 11 A.M. since the sun path 
is symmetrical about noon) 



Daily total = 



1,395 Btu/square foot on the out 
side. of the glazing \ 

\ S 

Now make the correction for "the glazing losses 4 

1,395 fttu/square foot X .70 = 9.76.5 Btu/square 
foot; ; , 



and multiply by the total surface area, — 

976.5, Btu/square foot X 1 60 square foot = 

564,900 Btu's. 
The greenhouse will gain only 564,000 Btu on this 
day. i • .- 

' ."' \ 

If you have a south-facing kneewa'll that is glazeeL 
you can use the tables to, find the amount of energy 
coming into the greenhouse in the same manner as 
described above: Use the- figures in the column 
headed 90° instead of the other slopes. If the* exact 
slope ,'iof your greenhouse does not appear in" the 
tables,! you can interpolate between' the next angle 
/ higher and lower. 



< Radiation 
' ^ Entering 

Greenhouse 
1,330 Btu /Sq. Ft. 

JEugure. 1: . .Compilation- z>f;: J green^ciuse radiation " 

gains. ' ' • ' 




Appendix VI 

Assessment of Commercial Glazing Materials* 



W. Douglas Davis V 

Glass: - 1 . . 

Solar .transmission: Approximately 85% per sheet integrated over the 

solar spectrum and all angles of incidence. UV cut 
. - off < .38 njicrons; infrared l6nger than 3.0 microns.- 

Maximum^operating temperature: 500°-550°F. Tempered glass can endure 450°F. 

^ . differential thermal stress (annealed glass can usu- 

. ~ — ally take up to 100° F. differential thermal stress). 



J 



Thermal conductance: I '.13 Btu/fiour/^/ft-^ 

Lifetime: Indefinite if not broken 

Weight:* %" 1.63 lbs./ft. 2 ' * ' , • ' \ 

•V '51 lbs /ft 2 ( heav y com P ar ea to the plastic 
1.02 lbs"./ft/ cov « ma tenals) / 



^ ■ 



Standard sizes: For oId : fas.htoned_ green-. 

„ , - : houses:* 16" x- 18" ; & 20" x 20" 

18" x 20" & 16" x 24" 
storm door size: " 34" x 76"—%" or % ,." 
. ' patio door size: 46," x 76" & 58" x 76" — %,." 

largest sizes i 

by thickness: W" ^ 34" x 76" 
" ' ^ (! "^>36" x96" ' • 

y. x " ->48"x 120" 
^ " standard cases: 34" k 76" ..l-.-OOO ■'& 1,600 ft.' 2 

(%") • - ' 

* These four sizes werp used a lot in the past 
for greenhouses. ' ' 
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C^ffieient of thermal expansion: 



Tensile strength: 



Refractive index: 
I 

- Types of glass: 

rolled glass 

float vlass' 

\ / 

V 

/ 

\ 

plate glass ' 



annealed glass 



therrribpane units: -for/ 'Best '"^fie'C : try to design 
around the rhost^ commonly Used 
34" x 76 ( " "^.tempered units. 

4.9 -X 10--" inches/inch/ F. This is much lower than 
• • ■any of the commonly used plastics but still-must be 
accounted for, especially in solar collector fabrica- 
tion-. ., (> . 



Tempered : 6,4'00 psi 

annealed: 1,600 psi ' ^ 

One-eighth-inch tempered glass will withstand 
H-lb. steel ball dropped 10 feet onto a l-2"-x 12" 
piece. I have personally observed a 190-lb. man 
crawl, out onto a horizontal frame-mounted 34"'" x 
76" tempered piece of glass and sit in the middle 
(but he did this very gingerly!) 



Note: 



Annealed glass breaks into razor-sharp 
shards, tempered shatters into very small 
rough -edged pieces — -much safer, when it 
does .Weak. This is why tempered is required 
for storm door use. ' f. ' . 



1.50 (Solar transmittance starts dropping off 
sharply at 60° angle of incidence.) 



Satisfactory for windows. A 



(Floated out on a bath of molten tin!) This glass is 
of high surface quality and is the most cost-effective 
glass available for greenhouses and solaf-collector , 
covers. f ■ ■ 

, This glass is much more expensive trian float glass, 
due to the polishing requirement. Of common glass 
types, ' it ' is -of- the highest - optical- tjuality. . 

This is your common single- and double-strength 
window glass which is easily broken upon impact. 
In manufacture, after ' the glass is produced, it is 
reheated enough to soften it, but not so as to deform • 
the product. This process (annealing) relieves 



\ 



I 




tempered glass , 



THE SOLAR GREENHOUSE BOOK 

strains in* the glass which are often present in the 
glass after it is originally formecU 

Watch out for some real bargains in new glass 
whiGh may -have been poorly annealed and would be 
unusually prone^ breakage, 'often breaking' for no 
apparent reason. ■ 

single-strength % 2 " : s. 
double-strength, }/ % " ' , 

This glass is treated by a process of -reheating and 
sudden cooling. As a result, the, outer surfaces are 
in a state of compression while the central, portion 
remains in tension, producing a condition which is 
highly\resistant to -breakage. Because the central 
portion remains m tension Against the outer com- 
pressive fore*, this glass cannot;be cut to a different 
size after it is tempered. Don't make the mistake of 
ordering tempered glass and then pian on cutting it 
into different sizes later. 



Costs: 



\ 



An additional note on cutting glass: You are much 
better off (in general) if you can use glass with a 
factory-cut edge. Poorly scored and cut glass— the 
type often produced by, amateur builders— is prone 
to breakage due to lessened"" resistance to thermal 
stress in the material. The glass Wten breaks from 
the edge inward. i >• 

By v all means, shop around -for-your^glatss. You'll .g«t 
the best deals if you stick to standard , sizes, .(.espe- 
cially 34" x 76" . tempered . unirV) . Geff together 
w|th friends building greenhouses and order case 
lots from the factory. I could "often, get a better , r 
price from a smaller shop (in quantity)' in Denver 
thafi I could from^one of the big companies. In * 
Denver, PPG Industries quoted me glass at $.95 /ft". 2 
(34" x 76" tempered units) while House. of Glass 
could deliver the exact- same gla.ss at $.65/ftt 2 -. \ . 
and it was PPG'glals! They' just didn't' have the . 
same-overhead, -and both were^buyjngffrom the PPG 
factory^ in Dallas. The same glass at the factory in 
Dallas wa^ $'.45./ft. 2 .plus shipping.' 
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The best price I've ever found on 34" x 76" in- 
sulated Thermopane units' was from, a place in 
Denver called Thermoglas. ' » 



|0» or more 128.95 each 
'h or mc^re $26.95 each 
1 (X) ojr'inore • $24.40 each 



3uV 



If you decide to fabricate yotfr Qwn thermopane 
units, you can get a dessicant-like silica gel to "place' 
between the two panes of glass to prevent, con- '■' 
densation. This is one trick the thermopane manu- 
facturers use— and' ( they will often try to keep 
this a. secret ! ~ 



Note: 



Suppliers 



Natural gas is the principal* fuel .used;, in the manu- 
facture of glass. * .. 

; Major producers in the United States include: " ■ 
American-Saint Gobain, Kingspo'rt, ' ■■ \ 

.pjfr Tennessee (ACG}' ' T - , 
PPG (Pittsburgh Plate Glass), Pittsburgh, 
Penqsylvania - 
. . Libbey-Owens Ford Glass (LOF), Toledo, Ohio 



Building Codes: 



red or* 
tate tb| 
is. for |^ 



Check with your building inspector about using' over- 
head glass. Local' codes may require tempered or' 
wife glass. The builder should be spre and state 
jthe building official that the overhead glass 
a greenhouse. There are often different rules for 
these than residences. Similarly, the owner-builder 
should note. Vhat . the attach e;d greenhouse should not 
have to conform to all regulations for additions t-o 
homes. I don't think one should use untempeted 
glass overhead in an,y spaces people will occupy, if 
there is any chance of it being broken. 



1 



\ 



\ 
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Glass Energetics: 

Regi/lcir Glass 

m 

. 59.5 kwh l'm-. 



m- 



X 



3, 



410.08 Btu^ 



• Tempered Glass 
1 17-178 kwh/m 



t/ X : ikwh 1S ' 850 Bt ^ ft;2 s lass I 



10,7639 ft. 

(to get^tu^ft, fffbrn kwh/ni^multiple by 316.807) 



In Btu/ft. 2 : 
15,950-31,^1 Btu/ft 2 



% 37,066.4-56,392 Btu./ft.- 



■ v . 



Takjng the -liberal figures, and multiplying by two layers of glass for thermopanes we get: 



31,681 X 2 V 
= 63,362 Btu/ft. 



■ *'> manufacturing cost, 
(energy investment) 



56,392 X 2 

= 112,784 -Btu/ft. 3 



Est^iiated manufacturing cn^^gy investment data supplied by Viracon Glass Corporati 



ion. 



ve Baer^from Zomeworks in Albuquerque (35° north-latitude) reports that^ given the following con- 
ditions: • ' 



1,^00" Btu/ft. day ■incide.nt 1 solar radiation-^a conservative figure for seven "winfef Imohtns^'Tffis 
^ /figurej is greater at high la'titudesj^also A much h^her 'when greater reflection is taken into'acfcount. 



,4 b degree days/day — average dhily terriperatureW 25^'. 
double-glazing 75% transmission ' / j\ 
the net gains through a south, window,Avotild be as follows : . ■ 



\ 



! | .^o-insulation at night 

j i . , . 

- ! ' 420 Btu/day 

then . 1 12,784 Btu/ft. —{lot tempered glass 
( 420 Btu/day — no night insulation 

= < 268 days 



' l'^foam polystyrene R A — 4.5 
/headboard night insulation 

580 Btu/day 

63,362 Btu/ft. — using regular glass 
580 Btu/day — night insulation 

• 109 days 



(number 6f clear days required at the above ' give/i conditions to recapture energy investment in the 
glass.) / 
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Clear Polycarbonate Sheet 

Trade ,Name : Lexan® i 

PercentagS^of solar ^transmission/sheet 



Maximum operating temperature 

i 

U- value 
of. life 

Weight^ 

\'y Maximum recommended sizes 



78 
"A" 



81 -89% 
78%' ~ 
74%' : 



250° -270 ° F . " ( I 2 L ° •- 1 3 2 C:. - ) 
1.10 for thick material 



Probably good for plastics in general 



(Ib's'/ft.- 



^ %" =-.78; ^" = 1.17; = 1.56 

24" short dimension 
3 6 "a short dimension 
48" short dimension 



cient of expansion 37.5 X 10-° in./in./°F. 

Thin sheets (4-lZmil) buckle. 



Tensile strength 
Costs 



9,500 psi 

Expensive^—' v .■ 

V& "-V4 " ' $2.50-3.0p/f t^— in glass-like thicknesses 



' Suppliers 'Rohm & Haas 



Acrylic (Methyl Methacrylate) 

Trade Name: Plexiglas® \ " 

Advantages 
Disadvantages 



^Doesn't break on impact or as easily as glass 
Holds onto dust and dirt 

scratches when you try to clean i^— surface erosion 
buckles and" cracks if improperly installed \ 
lots of expansion and contraction 
expensive 
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Percent Vf solas transmissibn/ sheet 



Maximtun operating temperature 

• ■ \. ■ : . | 

U- value 



Length of life 
* 

Weight 

Coefficient of expansion 
Maximum recommended sizes 
Tensile strength 
Costs' 




Suppliers 



%" 
v. " 



89%-92% 
87% . 
85% 



iS0°-190°F: (82 b -93°C.) 



1.09 for .187" thick. Twenty-one. percent' better 
thermal insulation than glass. ' t- 

Good UV stability ( resists 4^y«reTTzation). Ten to 
twenty years but pj^efftage of solar transmission 
dcop^Srastically with time. 

■(lbs./f^) i^" ^ .75; %^'= 1.10$ %" = 1.50 ' 

■ " „ v 
41.0 X 10-° in.'/in./°F. 

5teie as polycarbonate 

10,500 psi 



$l-1.50,.ft. 2 
$1.25-100 ft.- 
Si:50^--2:50 ft:- 



Rohm & Haas; One of world's largest- plexiglass 
producers. They now have ; a "Rohaglass" plexl-. 
glass ^nd polycarbonate 'Hoiiible-skin sheet , for 
greenhouses. '\./- 



Fiberglass Reinforced pasties 

Trade Name : Filan & Lascoli'te 
(corrugated" & flat) * , . . ■• ''. 



Percentage of solar transmission 86% Ttfdlar'clad 'V 



76-78% FHoplated' 



Maximum operating temperature Similar to Kalwall® 
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■i 

s 



/ 



• Weight 

U-vali*e 
Standard sizes 



Coefficient 6f expansion 
Tensile strength 
' Costs 



10-20 years. Use "Tedlar'.' coated or "Filoplated" 
(acrylic modified gel" coat), for ^solar application. 
Standard Filon panels are "not recommended for 
l'ong-term efficiency due to lack of protective surface. 

Corrugated 4-5 oz./ ft. 2 
Flat 8-10 oz./ft.-. 

.95" 

Tedlar, corrugated 51%" x ; 8', 10', 12^6' 
Filoplated, corrugated 51>%" x 8', 10', 12'- 
Flat panels 4' x 8', 12' ^ „ 

36" x . 100' rolls V 

/ • 

23 X 10- B ig./in./°F. 

10,600 psj / 



r- 



Tedlar clad ' ■ 

$ .55-$ .75/ft.- depending on quantity 

Filoplated 

' f .44-$ .69/ (t- 

4 oz. in rolls 

$ .66-$ .86/ft. 2 
8 oz. in rolls 

J - $L00-$1. 28/^.1* 
10 oz. in rolls 

$l,29-$1.62/ft.- 

Suppliers V 



stron Corporation 
Filon Division ' t 

2;i3'3 Sa&th Van ]S[ess Avenue 
' Hawthorne, 'CA 90250 

Liscolite 
3255 East Mira Loma Avenue 
Ajnaheim, CA 92806 \ ° ■ 

Lasco Industries 
8015 Dixon Drive • 
Florence, KY 41042 

I f ... ' . ' 
Cpet^nanufacturers' installation instructions and fol- 
low them;"""" 
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Fiberglass Reinforced Plastics 

'Trade Name: Kalwall® - '' ^ 
"Regular 1 - and Seve-n "Premium" Grades 
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Percentage of solar transmission Regular_ 85-90% ■ -Premium •85-88% 



Operating tempera/tures 



Life ex 



f-value 

N 

tectancy 



Weight 

I 

I- 

i 

Standard sizes 
Coefficient of exp^ansion" 
Tensile strength 
Cost 



Kalwall people recommend that collectors using 
their cover material be vented if stagnation occurs. 
"Regular" performance is poof at 300°F. "Pre- 
mium .V is better. 

36%'better than glass they (manufacturers) claim. ' 
(36% less conductance) 

"Regular"— 7 years. ".Premium'.-' — 20 years 
Nott — 200° F. exposure will produce 10% loss in 
transmission. ' Also, suspected significant 
" - transmission decrease with time from UV. 

.025" thick ,2- lbs./ft.^ 

.040" thick, .3 Ibs./ft.-' - .• 

•r x 10', A' x 25', A' x 50', 5' x 50' 

20 X 10 in./in./°F. (both grades) : 

i7,QQ.O psi 

S .28 — $ .46/ff>4epgnding on quantity and grade, 
plus shipping. Appropriately one-month delivery- 
c^irom East Coast to Colorado>^. 



Supplier- Solar Components Division 
Kalwall Corporation 
88. Pine' Street 

P.O. Box 237 • ' ' 
Manchester, NH 03103 ■ 

Write for their catalog (free) and $2.00 for design. , 
- , manual. - : 
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Mylar Film Type W Weatkerable 

Polyester film (l-*5 mil) V . • 



/ 



Solar transmission/sheet ' 85% 



J 

Maximum operating temperature 

U-value 
Lifetime 
Weight 



Rate of degradation double for each 18°F. rise in 
temperature. 

1^5;Btu/hr./°I-"./ft.- 

4 years (Florida exposure tests) 



Very light , 
Sizes Rolls _ 4.8" wide;' 12' long on up 



Coefficient of expansion 
Tensile strength 
Costs 
Suppliers 
Refractive index 
\ Note 



/ 



15 X I0- (i in./in./ d I\ 
24,000 psi 
$ .08/ft.- and up 
DuPont (manufacturer) 
'1.39 



Type W is yellowish due to UV^bsorbers used to 
improve stability. Mylar is a polyester film made 
by DuPont,. flic. 

This material is structurally durable* and has a rela- 
tively low coefficient of thermal expansion (for a 
plastic). It is very thin: .0003-014 inch thick. 

Mylar is almost impossible to "heat-seal", use 
adhesives. ' . 



/ 
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Solar Polyvinyl Fluoride 

Trade Name : . Tedlat® 
Type 400 BG 20 TR 




THE SOLAR GREENHOUSE , BOOK 



Solar , transmission 9 2-9.4 % ( 4- Ait y 



\ 



. Maximum operating temperatures 




Coefficient of expansion 
Tensile strengths 
Cost 
Suppliers 
Note 



Service life from 4l00°F. to 225° F. with short 
term peaking up to 4uta°F. 

Ll6 „ 

50% retained tensile strength after 10 years of test- 
ing; retains 95% transmission in 5 years.***""** 

■ • ■'■ \ " 

\ 

.028 lbs. /sq. ft. \ 

Rolls 26" & 50" wide \ 
Previously available only in large rolls' costing 
several hundred dollars each. Now available in 50' 
00' rolls, 26" & 50" width, . 

'2U x 10- (i in./in./°F. ■ " 

13\000 lbs./sq. in. (psi) (4-mil) 

S .l;5/ft. 2 ■, V 

Du Pont ~ - : 

Tedlar film -can "be" heat-sealed, x shrink : ~wrapped or 
bonded by ad hesives. , . . . 



Polyethylene 4 -mil 



Lifetime 



Refractive index 



y 4 year — usnstabilized type, Florida tests 
1.5 



\ 



Tensile strength 2,000 psi 
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Thermal coefficient. of expansion 



Note 



■ 1.6 Btu/hr./ft. 2 /°F. 

300 X 10- s in./in./°F. 
61 times as much as glass. 

Polyethylene is especially permeable to CO 2 — 69 
times as much as Tedlar® — perhaps a positive con- 
sideration for greenhouses. 
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Appendix VII 





Metric 


Conversion Chart 

' 'a f 

t 




WHEN YOU KNOW 


MULTIPLY BY 


TO FIND 






length 






inches 

't 

feet 
yards 


2M 
30 
•9 

•t 

Urea 


centimeters (cm) 
centimeters (cm) 
meters (m) 


- 


square inches 
square feet , ■ 
square yards 


6.5 
.09 
.8 

It' CI i/fJI 


square centimeters 
s.quare meters 
square meters . 


/ 


ounces 
pounds 


28 
volume 


grams (g) 
kilograms (kg) 


1 


fluid ounces 
pint's 
quarts 
gallons 
cubic feet 
cubic yards 


30 
• .47 
•95 
3.8 
.03 
•76 


milliliters (ml) 
milliliters (ml) 
liters (1) 
liters (1) 
cubic meters 
cubic meters 


I 
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Appendix VIII 
Selected Greenhouse Vegetable Varieties: 

Days from 1 Sowing or Transplanting to Maturity Outdoors 



Crop Types — Varieties [Days to maturity from sowing 
(S) or transplant (T)] , ' _ ' . 

Bitsh Beans \S) ' " 

Bushgreen— Tenderpod (50), Tenderette (55), Ten- 
dergreen (56), Royalty (51), .Limelight (38). • 

Lima, Broad — -Henderson Bush '(65), Express (78) 
Thaxter,(74). „ ' 

Ornamentals — Royalty (51), Burgess Long Bean ( 70 ) . 

Pole— Kentucky Wonder (65), Violet Podded String- 
less (63), Romano (70), Blue Lake (60). 

Beets (S) 

Rugby Queen (55), Detroit Dark Red (58), Burpee's 

Golden ("5*5), Greentop Bunching (58), Golden 

[i Beet (60). Snow White (62). ' " " 

Carrgtx (S) 

Tiny Sweet (60), Short-n-Sweet (68), Nantes Core- 
less (68), Ju^varot (70), Sucram (70), Little Finger 
(65), Gold Nugget (71). , 

Cole Crops (T) 
u, Broccoli — Southern Comet (55), Green Comet (40), 
Premium Crop —'Ft- (60),- White Sprouting (con- 
tinuous). ^ 

Brussel Sprouts — Jade Cross (90), Lindo' (80), Focus 
- Fl (95). 

> - "Cabbage — Dwarf Morden (60), Savory Ace (78), 
Green Express Fl (60), Ruby Ball Fl (65), Hispi 
(60), Starlet (63). 
Chinese Cabbage — Burpee Hybrid (75), Michihi 
(80). 

Cauliflower — Super Showball (60), Snowball 3-1 
(65), Snowcrown (53), Snow King (50), Abuptia 
(46). .i 

Col lards- -Vates-^85). • \ 

Kale— Vates strains (Dwarf 'Blue Curled oV Dwarf 
Blue Scotch) (55)-. S 

Kohlrabi — Pri maver*Whitc (50), Early White Vienna 
(55),- - 

Cucumbers (S) \ 

Patio Pik (60), Pot Luck , (53), Burpless Green King 
(58), Burpless Tasty Green (58), Topsy (67), 
Chinese Long Green (65), Sweet Slice (62), Park's 
Comanche (50), Burgess Green Ice (18), Cherokee 
' (60), Zeppelin (67). 

Eggplants IT) N - \ 

Morden Midget (65), Black • B'eauty (73), Classic 
* (76), Burpee Hybrid (70). ; 

Lettuce (S) i 

. Buttercrunch '(60), Salad Bowl (45), Oakleaf (42), 
, Ruby (47), Summer Bibb (65), Celtuce (42), Tom 
Thumb (62.),; Black Seeded Simpson (45), Slobolt 
(45), Anita (48), 

Onions (S) - 

Plants— Early HArvest (90) , Eclipse (100). 
Bunching^ Scallions) — White Sweet Spanish (100). 
Seed — Early Ha'rvest (90)', Autumn Spiav (98), 
White Lisbon (60). Rose Lisbon (63). 



Sets— Ebenezer (90), Early Yellow Globe (90), 
Sturon (120), Stuttgart (110). 

Peas (S) 

Mighty Midget (60), Dwarf White Sugar (60), Little 
Marvel ( 63 ) , Dwarf DeGrace ( 60 ) Oregon Sugar 
Pod (68), Hurst Greeh Shaft (70). 
Peppers (T) r - " 

■California! Wonder (75), Burpee's Fordhook (65), 
Sweet Canape (60) i Gold Topaz (70) v Slim Pim 
(65), Tompa (tomato-pepper) (70), Ace (48), 
v Sweet Banana (72), Bell Boy (70), Park Wonder 
. Fl (65). - .... 

Hot — Hungarian Yellow Wax (70), Long Red 
Cayenne (72), Hot Portugal (75), Large Cherry 
(69). 

Radishes (S) * 

Spring and Summer — Half Long (24), Yellow Gold 

(30), Champion (24), Cherry Bell, (24), Icicle 

(27). Red Prince (25). 
Fall and Winter— White Chinese (50), China Rose 

(5-2 ), Summer Cross (45). 

Spinavb (S) 

Bloomsdale (48), Malabar ('70), Longstanding 
Bloomsdale (42), Monnopa (45), Perpetual (50), 
New Zealand (70). 

Swiss Chard (S) 

Ruby oi\ Rhubarb (60), Lucullus (60), Fordhpok 
Gianf^ 60), Vintage Greeh (60). * 

Tomatoes (T) 

Miniature V-Tiny Tim (55)1 Patio (70), Pixie Hybrid 
(52), Small Fry (65), Sugar Lump (65), Sweet 100 

(57), Red Pear (65), Yellow Pear (65), Sub-Arctic 

Cherry (43), Tumblin^om (65), Toy Boy,, (55). 

Standard— .$ig Boy (78) , Outdoor Girl (58), Money- 
maker (75), Gardener's Delight (65), Supercross 
(72), Better Boy (70),Cura (70), Early, Girl (45), 

; Superfantaitic (70)', 'Beefmaster (80), Rutgers 
(85). - ■ • 

Strawberries (T) ' ' 

Seasonal— -Sparkle (late)/, Guardian (mid), Eaflibelle 
(early), Pocahontas Nearly), Apollo (mid), Sure- 
crop (mid), Tioga (fnid), Sequoia {early), Earli- 
dawn (early). I 

Everbearing — Ozark Beiruty, Ogallala, Quinault, Fort 
Laramie. ,' . 9 

From Seed — ^lexandrif (75), Alpine Yellow (80), 
Tutti Fruiti. / ' " ' 

Herbs (S) I " ' ' * 

. Annuals— Anise (75)/ Basil: Sweet (85), Da.rl Opal 
(85)*, Cress (25-45;), Pepper Grass. ( 70 )f Water- 
cress ( 70 ), Summe-rj Savory \ 60 ) . 
Biennials — Caraway j[70), Parsley: Perfection, (75), 
Extra Triple Curled (75). 
■ Perennials — Catnip (feO), Chives (80), Fennel . {.20X- 
Horthound ( 7.5), fLavender- -(<SQ>,'-SwTfet"Ma'rjora<m 
- "(70)7' Rosemary (85), Sage (75), Thyme (85), 
Winter Savory (70). * , 
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primary interest in producing the maximum amount 
of food in the minimum amount of space. Con- 
vinced that there are ways of getting a tremendous 
amount of yield in a- small area, DeKorne has done 
extensive 'experiments with organic JrydrOpTpnic 
greenhouses using various low-tech methods! , of 
adding CO., to fertili2e plants. In addition, he "runs 
a workshop using his two wind .generators to 
operate the power tools. In the self-reliant spirit of 
Thoreau, DeKorne and his family have set up "The 
Walden Foundation," promoting ecologically sound, 
yet comfortable, alternate sources of energy for 
everyday use). • v ■ 



Conrad Heekhen studied Advance Studies in Archi- 
tecture on tne graduate level at.MJ.T-. wjiere^he 
specialized \\\ Energy Utilization and Conservation. .... 
He has been involved "in research on passive util- ] 
ization of scalar energy for s ^^|^? ars > anc ^ has ' 
designed and built an award^^^Sfng solar water 
heater. HeeSchen is interested in developing re- 
gional self-sufficiency in food and energy production " 
in the New England area and is currently construct- 
ing ;? large solar greenhouse on his farm in Maine. 



David J. MacKinnon's background is in physics .and 
meteorology which he trained for ori^bo^h^lhe 



undergraduate and graduate levej$ J^t^j^PpP^ 
three years he has been deeply inw}^^ iS&ns&lar 
energy projects at the Museum of Nor<&^j||§^&zo'fta 
in Flagstaff. MacKinnon's efforts haveJagH^in-both 
theory and practice on solar greenhouses at the 
Museum and for Rodale Press in Perfhsylvania.^ 
Currently MacKinnon continues , to wori^on R & D 
related projects for both the Flagstaff greenhouse 



and Rodale's greenhouse located in Maxatawny, 
Pennsylvania. 



Leandre Poisson is an inventor and materials expert 
in Harrisville, New Hampshire. He has been 
involved with an organization named Solar Survival 
which encourages solar-living concepts on a small- 
scale industry basis which are/ indigeij&HSro par- 
ticular regions in the country. / Poisson has several 
innovative greenhouses of hij own design at his 
home in Harrisville. 



Herb Wade has a history of involvement with solar- 
energy projects as both a consultant and an adminis- 
trator. While working a o s" a part-time faculty mem- 
ber at Northern Arizona University, he lectures in 
Mechanical Engineering with special course emphasis 
"on direct-energy conversion and solar energy. He is 
also Associate Director of the Arizona Solar Energy 
Research Commission responsible for technical 
matters on the solar commercialization plan for the 
state of Arizona. Wade served as past chairman for 
the Arizona Solar Energy Association. , , 



Johir White has been' a Professor of Horticulture 
for/the pashJ-SLyear*; at Penn State University wh ere 
vh/TalsQ received his Ph.D. White works closely wi(h 
>r. Robert Aldrich in" the Department of Agri- 
cultural Engineering on, research dealing with energy\ 
conservation and solar heat for greenhouses. Al- 
though White's primary interest is with flower crops 
recently he .has been working with container vege- 
tables studying the most advantageous methods^ 
plant production. 
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Absorption, of sunlight by glazing, 59 
Acetates, as glazing materials, 59^67 
Active solar collecting, 6 
\Air circulation, in -attached greenhouses, 1J6 
Air lock, on doors, 53, 213 
Aluminum, as frame' material, 50 
Angle^ of roof. See Slope 
Angle of incidence, of sun's rays, 14-15 
Ap'hids, Control of, 261 
Atmosphere, in greenhouse, 245-49 
Attached greenhouses, 175-203 

air circulation in, 17-6 '-. 
~~ comteicticau^.A7 7-8P 

as heat source, 197-201 

pit-type, 190-S 




Backup heating system, -9G-91\ * s 

for pit greenhouses, 211 
Beadwall system, of glazing insulation, 49 



Beans, as/greenhouse crop, 270-7 i . > 
Beets, as gfeenhouse crop, 135, 145, 156, 271 
'Bottles, for heat storage, 80-82, 134-35, 153 J 
Brace Institute, greenhouse' design,_121-22 r> 
Broccoli, as greenhouse crop, 135, I4l,,"l 55,' 2?? 
Brussels sprouts, as greenhouse crop, 272 
Btu, definition of, 7 



Cabbage, as greenhouse crop, 145, 273 
, Calcium, sources of, 260 
Carborjjdiexfde, in greenhouse, 2'45-49 
^arrets, as greenhouse crops 167, 271-72 
Cauliflower, as greenhouse crop; 155, 167, 273 
Center for Ecological Technology, greenhouse 

design, 164/67 
Chard, as greenhouse crop, 145, 147, 156 
" Chinese cabbage, as greenhouse. crop, 145, 167, 
'■ 1 '272 - .y. . ; A , ■• 

Climate control, 1-6 j 
Cloudy days, effect on greenhouse design, 94-98 
Cold frames, solar, 214-29 
Cole crops, in greenhouse, 155, 272-73 * * 
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Compost, 237,91 ^< 

as : carbon dioxide source, 247 . 
as g|t)wihg medium, 256 , . 
Construction, , of attached greenhouse, 177-80 
, of freestanding greenhouse, 126-35, 139, 
143, 149, 165^66, 169. 
/ of pit greenhouse, 204-7 1 
Containers, for heat storage, 80-8-2, 134-35, 152 
1 54, 161, 167 . 
/ f£r plants, 255 . 
" Convection, as cause of heat- loss, 40 
I control of, 52-53 , ^ 

Copper napthenate, as wood preservative; 179 
Corn salad, as greenhouse crop^-i-dT 
Cost,^of glazing materia-b, 61 
Crops, for greenhouse, 135-36, 141, 155-56, 
'264-82 

Cucumbers, as greenhouse crop, 273-74 1 
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Design criteria, for solar greenhouse, 109-18 
Drum. See Oil drum 




Fans, in greenhouse, 174 
Fiberglass, as glazing material, 59:67 
Eish tank, for heat storage, 143, 157-59 
Flowers, as greenhouse crop, 141, 147 
Fluorescent lights, in greenhouses, 174y236 
Food production. See Gardening 
Footcandle, definition of , 1 2 
Foundation, of typical greenhouse, 129-30 
Freestanding greenhouses, 121-74 
Brace Institute, 1 22 

Center for Ecological technology,' 164-67 

I ° 1 Mackies, 136-41 

David MacKennon, 126-36 

New Alejiemy Institute, 142-47 * 

Ernie O'Byrne, 168-71 

Pragtree Farm, 156-59 , ' 

Rodale Farm, 147-56 ■ . 

Frostcontrol, 2, 288 '** 



Earth, heat loss to, 42-44 
/ as heat storage, 71-75 ' > 

as. insulation, 50-J51 
Eelworms, control of, 262 — 
Eggplant, as greenhouse crop, 274 - 
End walls, glazing of, 26-27 . 

insulation of, 50 
Energy use, in conventional greenhouse, 4 



Gardening, in solar' greenhouses, 135-36, 141, 
144-45, 155-56, 1.59, 162, 167, 2Q1-3, 264-8,2 

See also Crops. 
Garlic, as greenhouse crop, 145 
Glass, as glazing material, 59-67 , • > 
'Glazing, 58-68, 133, 150 

of end walls, 26.-27 , '- 5 ■ -■■ 

heat losses through, 37-38^ 44^45 

insulation of, 46-49 
Gnats, control of, 262 
©raphite, for heat storage, 87 



i. 



526 



THE SOL^R' GREENHOUSE BOOK 1 



Greenhouse, conventional, energy use in,. 4 
"GfeenEoBs^, solar, 5-6 

attached, 31-33, 175-203 

freestanding, 121-74. 

as heat source, 197-201 
* pit, 190-95, 204-13 / 
Grey water use, in greenhouse, 140 
Ground. See Earth . ' ' 
Growing medium, fpr plants, 255-57 



Inf raredTbsorption, by glazing materials, 59-60 
Insects, in greenhouse, 260-63 - y ^ 

Installation, of glazing^materials, 62-64 
Insulation, 132-33^139, 150 " ' 

, of glazing, 46-50,% 1-29 
of pit greenhouses, 209 
4 of walls, 50, 166, 170 
Intensity, of sunlight, effect on roof slpjpe,- 21 
Irrigation, 2 52-54 - / 

as frost control," 2 
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Hail damage, to glazicg,'66-67 

Hay bales, as insulation, 189 

Heat exchanger, 54,' 216 

Heating system, as backup to solar, 90-91 

Heat loss, 36-57 

: through convection, 39-40/, 51-5,3 

to ground, 42-44 - « 

' " through opaque surfaces, 41 

Heatstorage, 69-91,. 134-35 

in pools, 76-78, 140, 143, 159, 207 
in rock, 83, 88-89, 170-71. 
in wal'lSj 84-87, 90 ; / ' 
iWat,ercontaiaers,78-8>, 134-35, 152-54, 

" . 161V 167 • 

Herbs, as greenhouse crop, 280-81 ~ 
Hot air, storage of, 88-89 
Humidity,. effect on greenhouse, 103 
Hydroponics, in greenhouse, 258 



Infiltration, 51-54 » 
, heat loss from, 39-41 
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Kale, as greenhouse crop, /45, 155, 272 i 
Kalwall, as glazing material, 63, 150,/l6l, 167' 
Kohlrabi, as greenhouse crop, 155, 273 g i 
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Layers, multiple, of glazing materials, 66 
Lettuce, as greenhouse crop, 136, 141, 145, 

■"274-75 / ' " ; ,. 
Ligbt/a^ilable to greenhouse, 21, 94-98 • 
' effect on plants, 233-37 
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/Magnesium, source^ of, 260 

-Maintenance, of glazing materials, 62-64 

^Masonry walls, for. heat. storage, 83 

• Mealybugs, control of, 262 
Milk bottles, plastic. See Bottles • 
Minerals, needed in soil, 257-60 
Mites, control of, 2-62^ ■ . ! 

Monsanto . 60 2, as glazing material, 210 



< INDEX 



Mulch, as climate control, 3 
Mylar, as glaring material, 58 
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Nematodes, control of, 262 

New Alchemy Institute, greenhouse designs, 

142-47 • 
-Night curtain, for insulation, 151 
Nitrogen, sources of, 259 
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Oil, for heat storage, 87,218. 
Oil drums, for heat storage, 78-80, 161, 167, 
218 

Onions, as greenhouse crop, 135,145, 275-76 
Orientation, of attached greenhouse,- 3.2 

of freestanding greenhouse, 2-3, 23-26 



Parsley, as greenhouse crop, 1 4 1 

Passive solar collecting, 5 

Peas, as greenhouse crop, 276 ^ , 

Pei?tachlorophenol, as wood preservative, 179 

Peppers, as greenhouse crop, 276 

Phosphorus, sources of, 259 

Photoperiod; of crops, 236-37 

Photosynthesis, 233 

Pit greenhouses, 190-95, 204-13* 

construction of,'2 < 04-7 

insulation of, 209 ' 
Plastic, as glazing material, '59-67 ^ 1 ^ 
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Plastic jugs, for heat storage, 80-82, 134-35 
Polycarbonates, as glazing material, 60-61 
Polyethylenes, as glazing material, 59-67 
Pools, of water, for he|t storage, 76-78, 140, 
143-44 "' • 

outdoors, 89 . 
Potassium, sources of, 259 
Pragtree Farm, greenhouse design, 156-59 
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Radishes, as greenhouse crop, 136, 141, 276 
Rear walls, for heat storage, 78 • 

• insulation of/ 50 

• slope of, 21-23 

curved, 157. „ , 

See cilsa Roof, north-facing 
Reflectors, external, tc increase available light, 

29, 184 • 
Reflectors, internal, for rear wall, 22-23," 136, 

157,234 ^ • . > 

Regional clearness factors, 21 
Rocks, for heat storage, 83, 88-89, 170-71 ' 
Rodale farm, greenhouse design; 147-56 
Roof, north-facing, 14 . , 

insulation of, 50 
> slope of, 21-23 .0 
Roof, south-facing, 16 

slope of v 17-21 . .... 

Rooftop greenhouse, 183 ^ " 

R-value, definition of, '4 5 



Sauna, as greenhouse component, 169, 194-95 
Shade, as climate, control, 3* 



Shape, of greenhouse, 13-14 

Shutters, as glazing insulation, 48-49, 221-29 

Slope, of rear wall, 21-23 

of south-facing roof, 17-21 
Slugs, control of, 262 a 
Sod roof, as insulation, 170 
Soil mixtures, for greenhouse, 2 57 
Solar greenhouse. See Greenhouse, solar 
Solar pod, 217-19 

Spider mites, control of, 262 1 • 

Spinach, as greenhouse crop, 135, 156, 276-77 
Squash, as greenhouse crop, 135 j 
Steel, for heat storage, 86-87 " i 
Steel drums. See Oil drums 
Sterilization, of growing medium, 256 
Strawberries, as greenhouse crop, 277 
Strength, of glazing materials, 60-61 I 
Sulfur, sources of, 259 
Sun path diagrams, 10 

to plot orientation of greenhouse, 25 
Sunshine, effect on greenhouse design, 94-98 



Teflon, as glazing material, 58-59 
Temperature, effect on crops, 238-44 
• / effect on glazing materials, 67-68 

, effect, on greenhouse, 99 "~ 
Thermometer, alcohol vs. mercury, 242-43 
Thrips, control of, 262 
, Tomatoes, as greenhouse crop, 136, 277-79, 
284-85 

Turnips, as greenhouse crop, 162, 1-67 
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Ultraviolet light, effect on plastics, 59, 67 



.(Ventilation, 135, 250-51 " 

in attached greenhouses, .176 
heat loss from, 53 
Vinyl, as glazing material, 59-67 



Walls, heat storage in, 84-87, 90 ■* - .... 

See also End walls, Rear walls 
Water, for heat storage, 76-82, 134^5, 140, 

143,152-54,159,161*207 v ■ 
Weatherabilityi of glazing materials, 60 
Weather patterns, 92-108 

effect on glazing, 66-68 

effect on orientation of greenhouse,"24-25 
Whiteflies, control of, 262 . . ^ . ' 
Wind, effect on greenhouse, 99-103 
Windbreak, as climate cohtrol, 3 "> 
Wood, as frame material, 50 
Wood preservative,- for framing material, 179 



Zomeworks, 49 



